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FOREWORD 


An Introduction to Geology is a single volume edition of 
Professor Miller^s two books which have previously been pub- 
lished separately as An Introduction to Physical Geology 
and An Introduction to Historical Geology. This book is 
divided into two parts, the first devoted to a thorough discussion 
of the theories and principles of physical geology, and the second 
to * X thorough analysis of the problems which confront the teacher 
of historical geology. Each part is an entirely distinct unit with 
separate folio numbers, separate indices, and separate illustrations 
each numbered in sequence. A preface precedes each part, out- 
liiSiig m some detail the author’s method of treatment and 
arrangement of material. 

It is hoped that this means of publication will prove con- 
venient to those teachers who prefer a single volume for use 
throughout the year. It is not the purpose, however, of the 
publishers to take the two-volume work from the market, and 
e book may be procured either in its present form or as two 
separate volumes. 
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PREFACE TO SECOND EDITION 


In this second edition, a considerable number of corrections 
and minor alterations have been made while twenty of the illus- 
trations have been replaced with better ones. Various teachers 
who use the book have very kindly offered valuable suggestions, 
and these have been carefully considered 

Some objection to the order of the chapters in the first edition 
was raised, but most of the authorities who have been consulted 
in regard to this matter agree that the present ariangement is 
logical. The reasons for this arrangement are given in the preface 
to the first edition but, if an instructor so desires, it is relatively 
easy for him to follow some other order in assigmng the chapters 
to his classes. 

WILLIAM J. MILLER 

Univeerity of California at 
Los Angeles, California, 

June, 1927 



PREFACE TO FIRST EDITION 


This "Tntroduction to Physical Geology’^ has been prepared 
as a companion volume to the author's “Introduction to Histori- 
cal Geology." The two books together aie intended to serve as a 
text for a one-year college course in general geology. For such a 
purpose, the two books may be procured bound in a single volume 
called “An Introduction to Geology." The present book may be 
used, however, as a text for special courses in physical geology. 
It may be adapted readily to shorter courses by the omission of 
certain portions, according to the judgment of the instructor. 

The book has been so written that a formal knowledge of 
neither chemistry nor physics is a prerequisite for a reasonable 
understanding of its contents. The instructor ordmauly can 
supply the most needed information along these lines in the class- 
room and laboratory lectures and discussions 

It is assumed that at least some laboratory and field woik 
will be carried on in connection with the course. Field trips should 
be made to illustrate as many of the principles of the science as 
time and conditions will permit. Such out-door work greatly aids 
in making the study more realistic and interesting. Laboratory 
work should be, as far as possible, directly correlated with the 
class-room and text-book work. The student should study speci- 
mens of minerals and rocks, and also models, maps, and diagiams. 
Many laboratory problems and exercises may bo devised along 
the general hues of United States Geological Survey Professional 
Paper No. 60, entitled “Interpretation of Topographic MapvS." 
The Geological Survey has a wealth of topographic maps, any 
of which may be purchased singly or in duplicate at very smail 
cost. 

Concrete examples are freely used to illustrate important facts 
and principles, and, since geology is essentially an historical 
science, the historical order has been emphasized in the treatment 
of the special topics and concrete examples. 

Careful attention has been given to the arrangement of the 
subject-matter. The very nature of the subject is such, however, 
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that some repetition and anticipation are unavoidable no matter 
what the arrangement. The purpose has been not only to make 
the order of treatment logical, but also to avoid repetition and 
anticipation as far as possible. With these ends in view, the 
materials of the earth — minerals and rocks — are first considered 
after the introductory chapter. This is because the subject of 
study is the earth, and a knowledge of the nature of its materials 
is fundamental to all that follows. In the writer^s experience, 
it is well to begin the laboratory work in geology with a study of 
minerals and rocks, using the data in Chapters III and IV as a 
laboratory guide. Then the manner in which rocks weather, the 
movements to which they are subjected in the earth^s crust, and 
their structural arrangement are taken up in regular order. The 
important chapter on the work of streams is then taken up much 
more satisfactorily, it is believed, than in most text-books because 
the knowledge of earth materials, weathering, earth-crust move- 
ments, and earth-crust structures already gained greatly aids in 
the understanding of certain important phases of river work. 
Glaciers, wind, sea, volcanoes, and underground waters are next 
discussed as geological agencies. Mountains, lakes, and economic 
geology arc taken up last because a knowledge of so many prin- 
ciples of the science is necessary to a proper understanding of these 
sulijects. 

Much time and thought have been devoted to the gathering 
of the illustrations which form an essential part of the book. 
Most of them have never before appeared in any text-book. 
Many of the half-tones have been made from pictures taken by 
the author for the express purpose of illustrating the book. AU 
of the views and diagrams illustrate important facts and princi- 
ples of the science, and they should be, therefore, carefully studied 
in connection with the text. 

Among the numerous original sources of photographs, special 
mention should be made of the United States Geological Survey, 
the United States Reclamation Service, the United States Forestry 
Bureau, the National Park Service, and the American Museum of 
Natural History. The Macmillan Company has generously 
permitted the use of several cuts. 

The most important physiographic features and places referred 
to in the text are shown on the photographed relief map of North 
America, and on the map of the United States, in Chapter I. In 
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addition to these maps, the student should have at hand some good 
geography or atlas in order that other places and features men- 
tioned and described can be definitely and readily located. 

The author is under particular obligation to Professor J. A. 
Bownocker of Ohio State University for valuable suggestions, 
nearly all of which have been incorporated in the book. The 
author gratefully acknowledges his indebtedness to Associate 
Professor Aida A. Heme and Dr. Isabel F. Smith of the Depart- 
ment of Geology of Smith College for reading manuscript and otter- 
ing suggestions. Conversations with various experienced teachers 
of geology also have been very helpful. 

Due acknowledgment is here made for the help obtained from 
the various manuals, text-books, and special treatises on gcologv, 
and also from many publications of the United States Geological 
Survey. 

Corrections and suggestions for the improvement of the book 
will be heartily welcomed. 

WILLIAM J MILLKU 

University of California, Soutoeun Branch, 

Los Angeles, California, 

July, 1924 
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PHYSICAL GEOLOGY 

WITH SPECIAL REFERENCE TO NORTH 
AMERICA 

CHAPTER I 

INTRODUCTION 
Definition op Geology 

Geology (meaning literally earth science ”) deals with the 
histoiy of the earth and its inhabitants as recorded in the rocks. 
Broadly considered, the science may be divided into physical 
geology and historical geology. Physical geology deals with the 
materials of the earth; earth-crust movements ; the structure of the 
earth; and the processes and agencies by which the earth has been 
for many millions of years, and is being, modified, including such 
agencies as weather, wind, streams, glaciers, sea, organisms, 
volcanoes, subterranean waters, and lakes. Historical geology 
deals with the records of the successive events of earth history, 
and with the history and evolutionary changes of the organisms 
which have lived upon the earth. This book deals with physical 
geology only. Geography deals with the distribution of the earth’s 
physical features, in their relation to each other, and to the life 
of sea and land, especially human life and activity. Geography 
may, therefore, be regarded as the outward and present-day 
expression of geological effects. Geology includes geography as 
cause includes effect. 


The Earth as a Planet 

Since the earth is our subject for study, it is important that 
the reader have clearly in mind certain weU-knqwn facts in regard 
to it as a planet. The earth is a member of the so-called solar 
system of which the sun, whose diameter is about 866,000 noiles, 
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is the center. Eight planets, including the earth, revolve around 
the sun. The earth, whose diameter is nearly 8000 miles, rotates 
on its axis once in 24 hours. Its average distance from the sun is 
nearly 93,000,000 miles, and it revolves around the sun once m a 
little over 365 days. Certain planets are much larger and farther 
away from the sun than the earth, and some others are smaller 
and nearer the sun 

One satellite, called the moon, revolves around the earth once 
in about 28 days. Although the moon is much smaller than the 
earth, nevertheless it has a considerable indirect geological in- 
fluence upon the earth because it is the principal cause of ocean 
tides which latter have been of some importance for many millions 
of years of the earth’s history. 

The geological influence of the sim upon the earth is far greater 
than that of the moon because it is the chief source of the earth’s 
light, heat, and energy which have made largely or wholly possible 
not only the work of rock weathering, streams, glaciers, and 
winds, but also plant and animal growth and progressive develop- 
ment. 

The earth seems large, and it is very important to us as human 
beings, but it is very small as compared to the size of the solar 
system, and almost infimtesimal within the vast universe of which 
even the solar system is only a very small part. 


The Great Parts of the Earth 

The three great parts of the earth are the lithosphere, hydro- 
sphere, and atmosphere. The lithosphere (meaning “ rock 
sphere ”), which consists of solid, rocky material, constitutes by 
far the greater portion of the earth, including not only the lands, 
but also the rocky materials under the oceans. The lithosphere 
is of supreme importance to the geologist because the records of 
the wonderful events of the earth’s history are found in the rocks. 

The partial envelope comprising all the waters on and near the 
earth’s surface is called the hydrosphere. Most of the waters by 
far are in the oceans, but streams, lakes, and underground waters 
are also important. Water is one of the greatest of all geological 
agencies which, for countless ages, have been modifying the earth. 
Its ^eatest function is the wearing down (erosion) of the higher 
portions of the Uthospherc; and the transportation and deposition 
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of the resulting sediment in the various lower portions (basins) of 
the lithosphere. 

The gaseous envelope of the earth is called the atmosphere 
(air). To some extent it penetrates the outer portion of the earth’s 



Fig. 1 

Map of North America showing the relations of land 
and sea during part of Cretaceous time, millions of 
years ago (After C. Schuchert.) 

crust through openings in the rocks, and to some extent it is dis- 
solved in the waters. The chief constituents of the air are nitro- 
gen, oxygen, water vapor, and carbon dioxide, all of which, except- 
ing the first, effect important changes in the rocks and minerals 
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of the earth. Movements of the atmosphere (winds) cause im- 
portant modifications of the lands, especially in and regions. 
Probably the greatest geological function of the atmosphere is its 
making possible precipitation (rainfall and snowfall), which in 
turn makes possible the work of running water and glaciers. 


The Scope and Significance of Geology 

The person of ordinary intelligence is, unless he has devoted 
some study to the matter, very hkely to regard the great variety 

of physical features and life 
of the earth as practically un- 
changeable, and to think that 
they were essentially the same 
in the beginning of the earth^s 
history as they are now. But 
the study of geology has firm- 
ly estabhshed the great fact 
that the face of the earth, 
and the life upon it, repre- 
sent merely a single phase of 
a tremendously long histoiy 
which has involved many 
profound and far-reaching 
changes. 

The following concise state- 
ments of some of the more 
definite and important conclu- 
sions regarding earth changes 
may serve to give a fair con- 
ception of the general scope 
and significance of geology. 
For untold millions of years 
rocks at and near the surface 
of the earth have been enun- 
bling under the weathorj 
streams have been sawing 
incessantly into the lands; the sea has been eating into con- 
tinental masses; the winds have been sculpturing desert lands; 
and, more locally and intermittently, glaciers have plowed 



at 


Fig. 2 

A fossil sea-ammal (Tnlobite) 
least 25,000,000 years old found 
9000 feet above sea level in the 
Rocky Mountains (Photo by the 
author.) 
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thiough mountain valleys, and even vast sheets of ice have 
spread over considerable portions of continents. The outer shell 
(so-called “ crust ”) of the earth has shown marked instability 
throughout geologic time. Slow upward and downward move- 
ments of the lands relative to sea level have been very common, 
in many cases amounting to thousands of feet. Various parts of 
the earth have been, and are being, affected by sudden movements 



Fig 3 

The skeleton of a great carnivorous reptile unearthed from rocks millions 
of years old. (Courtesy of the American Museum of Natural History.) 

(resulting in earthquakes) along fractures in the outer crust. 
During the eons of geological time, vast quantities of molten 
materials have, at intervals, been forced not only into the earth's 
crust, but also often out upon the surface. Mountain ranges 
have been brought forth and cut down, and sometimes reju- 
venated. Sea waters have spread over many parts of what are 
now continental areas. There have been repeated advances and 
retreats of the sea over many districts. Lakes have come and 
gone. Plants and animals have inhabited the earth for many 
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millions of years. In earlier known geological time the organisms 
were comparatively simple and low in the scale of organization. 
Through the succeeding ages higher and more complex types were 
gradually evolved until the highly organized forms of the present 
time, including human beings, were produced. 


Geological Time 

The great importance of the time element in the study of 
geology cannot be too strongly impressed upon the reader. The 
length of time of known human history is, indeed, very short as 
compared to that of known geological time. The one is to be 
measured by thousands of years, and the other by tens, or possibly 
hundreds, of millions of years. To the geologist a lapse of hundreds 
of thousands of years is a short ” time. The flowing land- 
scapes of geologic tune may be likened to a kinetoscopic panorama. 
The scenes transform from age to age; seas and plains and moun- 
tains of different types follow and replace each other through 
time, as the traveler sees them succeed each other in space. At 
times the drama hastens, and unusual rapidity of geologic action 
has, in fact, marked those epochs since man has been a spectator 
upon the earth. (Geological) science demonstrates that moun- 
tains are transitory forms, but the eye of man through all his life- 
time sees no (important) change, and his reason is appalled at the 
conception of a duration so vast that the millenniums of human 
history have not accomplished the shifting of even one of the 
fleeting views which blend into the moving picture '' (J. Barrell). 

The known history of the earth has been more or less definitely 
divided into great eras, and these in turn into periods and epochs. 
In the accompanying table, the era and period names, except those 
representing the earlier times, are mostly world-wide in their 
usage. Epoch names are too numerous, and usually too local in 
application, to be included in the table for our general use in this 
book. It will be well for the reader to learn at least the names of 
the eras, and to refer to the table whenever, in the study of the 
text, he IS in doubt concerning any part of it. 

How does the geologist determine the geological age of a given 
rock formation? This very important question is solved by 
methods of historical geology. Very briefly stated, however, 
two fundamental principles are involved. First, the order of 
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succession of stratified rock formations is determined, the older 
strata underlying the younger because they were first deposited. 
Second, each period and epoch of geologic time (except the very 
oldest) is known to have had a characteristic assemblage of 
organisms. A consideration of the characteristic fossil content of 
any set of strata, therefore, in direct connection with order of 
succession (superposition) of the larger pile of strata to which the 
set belongs, serves to determine the relative position of the set of 
strata (or formation), and hence its geological age. 


TABLE OF MAIN GEOLOGICAL DIVISIONS 


Estimated 

Minimum 

Duration 

Eras 

Periods 

Characteristic Life 

3 to 5 
million 
years 

Ccnozoic 

Quaternary 

Tertiary 

Age of man 

Age of mammals. 

Age of highest 
order of 
plants and 
animals 

5 to 10 
million 
years 

Mesozoic 

Cretaceous 

Jurassic 

Triassic 

First high order flowering 
plants. 

First birds and modern fishes 
First mammals (veiy pnmi- 
tive) 

Age of reptiles 
and 

cyoad plants. 

16 to 25 

million 

years 


Penman 

Pennsylvanian 

Mississippian 

Age of amphibians first insects, and first 
reptiles Great coal age (Pennsylvaman) 
with large, non-fiowenng plants. 

Paleozoic. 

Dovoman 

Age of primitive fishes, and first-known (very 
primitive) land plants 



Silunan 

Ordovician 

Cambnan 

Age of invertebrate animals, first (very primi- 
tive) vertebrates in Ordovician, and no 
known land ammals 

Many 
millions 
of years 

Proterozoic 

Algonkian. 

Meager records of relatively simple inverte- 
brate animals, and very simple plants 

Many 
millions 
of years* 

Archeozoic. 

Axchean 

Primitive life, no determinable fossils 


Branches of Geological Science 

It has already been suggested plainly that geology is very 
broad in its scope, and so with this general science, as with most 
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Fig 4 

Relief Map of North America. (Courtesy of the Umted States 
Geological Survey.) 

other great departments of human knowledge, a number of more 
or less separate branches of geology have come into existence as 
special fields of study. Most of the principal branches are as 
foBows: 
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Mineralogy is the study of minerals which are natural, homo- 
geneous substances of definite (chemical) composition. With the 
exception of a relatively very shght amount of organic material, 
minerals constitute the whole hthosphere as far as it is known. 

Petrology is the study of rocks, which are more or less extensive 
constituents (or formations) of the earth’s crust, and which are 
nearly always made up of mixtures of minerals, or, more rarely, of 
masses of single minerals. 

Dynamical geology is the study of the agencies and processes 
whereby the outer portion of the earth has been, and is being, 
modified Important dynamical agents are weather, wind, run- 
ning water, the sea, glaciers, igneous actions, and earth-crust 
movements. 

Physiography^ sometimes called physical geography, deals with 
the topography of the earth’s surface and the manner of its origin. 
It is closely related to dynamical geology because it involves a 
consideration of the same modifying forces 

Structural geology is the study of the arrangement or architec- 
ture of the materials of the earth. In a real sense it includes a 
study of the materials themselves, especially the rocks, and so it 
may be regarded as including petrology, and possibly mineralogy. 

Paleontology deals with the plant and animal life of the geolo- 
gical ages as shown by the fossil remains of organisms found in the 
rocks. 

Stratigraphy deals with the arrangement and succession of the 
strata of the earth. 

Paleogeography deals with the geographic conditions of the 
earth during former (geologic) ages, especially with the relations 
of lands and seas. Paleontology, stratigraphy, and paleogeography 
are really subdivisions of historical geology, which, as already 
defined, deals with the successive events of earth history, including 
the history of organisms. 

Economic geology is the practical application of geology to the 
arts and industries. It deals with geological products of value to 
mankind, such as coal, petroleum, ores of the metals, building 
stones, salt, gypsum, etc. 

Geography, as already defined, is, in a broad sense, a branch of 
geology because it is the outward and present-day expression of 
geological effects. It is, however, often treated as a separate 
department of knowledge. 
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Selected References on Physical Geology 

General Works 

Chamberlin and Salisbury: Geology ^ Vol 1 (Henry Holt & Co, 1903). An 
elaborate American work. 

Grabau: Text-book of Geology, Vol 1 (Heath & Co , 1920) A comprehensive 
treatment of physical geology 

Geikie, A. : Text-hook of Geology, Vol 1 (Macmillan Co , 1903) A compre- 
hensive English work with emphasis upon European geology 
Haug: Traits de GSologze, Vol 1 (A Cohn, Pans, 1911) A comprehensive 
French work with emphasis upon European geology. 

Kayser: Lehrbiich der Geologie, Part 1 (F Enke, Stuttgart, 1912), A com- 
prehensive German work with emphasis upon Euiopean geology 
Lake andRastall: A Text-book of Geology (E Arnold, London, 1910). Con- 
tains a fairly comprehensive tieatment with emphasis upon European 
geology. 

Dana, J. : Manual of Geology, Parts 1, 2, and 3 (Amencan Book Co., 1895). 

An older, fairly comprehensive treatment 
Tarr: Elementary Geology, Parts 1 and 2 (Macmillan Co , 1897). An older, 
fairly comprehensive treatment 

LeConte : Elements of Geology, Parts 1 and 2 (Appleton <fe Co , 1877, 1898, 
1907). An older, fairly comprehensive treatment 
Chaniberlm& Salisbury: College Geology, Part 1 (Henry Holt<feCo., 1909). 
A fairly comprehensive treatment. 

Scott: An Introduction to Geology, Parts 1, 2, and 3 (Macmillan Co, 1897, 
1907). A fairly comprehensive treatment 
Pirsson & Schuchert : Text-book of Geology, Part 1 (John Wiley & Sons, 1915, 
1920) A fairly comprehensive treatment 
Cleland: Geology, Physical and Historical, Part 1 (American Book Co., 1916). 
A fairly comprehensive treatment. 

Brigham: A Text-hook of Geology (Appleton & Co., 1902). Contains an 
elementary discussion of pnysical geology 
Norton: Elements of Geology, Parts 1 and 2 (Ginn & Co , 1905). An elemen- 
tary discussion. 

Blackwelder & Barrows : Elements of Geology, Part 1 (American Book Oo., 
1911). An elementary discussion. 

Chamberlin & Salisbury : Introductory Geology, Part 1 (Henry Holt & Co., 
1914). An elementary discussion. 

Miller, W. J.: Geology, the Sc^enc6 of the Barthes Crust (Vol. 3 of Popular 
Science Library by P, F Colher&Son Co., 1922). An elementary dis- 
cussion m popular form. 

Dana, J. : Text-book of Geology, Parts 1, 2, and 3 (American Book Co., 1897), 
A very elementary discussion. 

Quirke, T. T.: Elements of Geology (Henry Holt & Co , 1925). An elementary 
discussion. 

Shimer, H. W. : An Introduction to Earth History (Ginn & Co., 1924), Con- 
tains an elementary discussion of physical geology 
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Map of the United States showing the principal physiographic provinces. (By the author.) 
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Special Works 

Hobbs: Earth Features and Their Meaning (Macmillan Co , 1912) A fairly 
comprehensive treatment of physical geology, but with emphasis upon 
glacial geology. 

Tarr& Martin* College Physiography (Macmillan Co, 1911:). Contains a 
comprehensive treatment of physiogiaphic geology 
Salisbury: Physiogiaphy (Henry Holt <fe Co , 1907, 1919) Contains a fairly 
comprehensive treatment of physiographic geology 
Fairbanks: Practical Physiogmphy (Allyn & Bacon, 1906) A faiily com- 
prehensive discussion of physiographic geology 
Geikie, J.: Eaith Sculpture (Putnam’s Sons, 1898) A faiily comptchensive 
discussion of the oiigin of land forms with emphasis upon European 
examples 

Davis, W. M. : Oeogiaphical Essays (Gmn&Co., 1909) Elaboiate discus- 
sions of principles of land sculpture 

Geikie, J. : Structural and Field Geology (D Van Nostiand Co , 1908) A 
fairly comprehensive treatment of the subjects indicated, with emphasis 
upon European examples 

Salisbury & Atwood : Intel pretation of Topographic Maps (IT. S Geological 
Survey, Professional Paper No 60, 1908) A study of land forms by the 
use of topographic maps. 

Leith : Structural Geology (Henry Holt & Co , 1913, 1923) A fairly compre- 
hensive treatment of the subject indicated 
Wilhs * Geologic Stiuctures (McGraw-Hill Co , 1923) A fairly comprehcnHivo 
treatment of the subject indicated 

Dana, E. S.: Minerals and How to Study Them (John Wiley k Rons, 1895). 

An elementary discussion of mineials, 

Dana, E, S. : A Text-hook of Mineralogy (John Wiloy&Sons, 1877, 1016), 
A rather comprehensive study of minerals. 

Rogers: Introduction to the Study of Minerals and Rods (McGraw-llill Co., 
1912, 1921) A fairly comprehensive discussion of minerals 
Ford: Hands Manual of Mineralogy (John Wiley & Sons, 1912). A fairly 
comprehensive treatment of minerals. 

Bayley: Descriptive Mineralogy (Appleton & Co., 1917). A rather elaborate 
treatment of the subject indicated. 

Kraus & Hunt: Mineralogy (McGraw-Hill Co., 1920). A rather compr(‘hcn- 
sive treatment of minerals. 

Kemp: A Handbook of Rocks (D Van Nostrand Co., 1896, 1911). An 
elementary discussion of rocks, including a glossary of terms. 

Pirsson: Rocks and Rock Minerals (John Wiley & Sons, 1908) An elemen- 
tary account of common rocks and rock-making minerals 
Merrill, G. P. : Rocks^ Rock Weathenngj and Soils (Macmillan Co , 1897). A 
fairly elaborate discussion of the subjects indurated 
Ries: Economic Geology (John Wiley & Sons, 1905, 1916). A fairly compre- 
hensive treatment with special reference to the United States 
Emmons, W. H.: General Economic Geology (McGraw-Hill Co., 1922). A 
fairly comprehensive treatment of the subject indicated. 
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Lindgren: Mineral Deposits (McGiaw-HiU Co , 1913, 1919). A fairly com- 
prehensive treatment of minerals of economic value 
Geikie, J. : Mountains, Their Oiigin, Growth, and Decay (Ohver & Boyd, 
1913) 

Button: Earthquakes (Putnam’s Sons, 1904). 

Hobbs : Earthquakes (Appleton & Co , 1907) 

Russell: Rivers of North Amenca (Putnam’s Sons, 1898). 

Russell: Glaciers of North Amenca (Ginn & Co , 1897) 

Hobbs: Characteristics of Existing Glaaeis (Macmillan Co , 1911). 

Russell: Volcanoes of North America (Macnnllan Co , 1897) 

Bonney: Volcanoes, Their Structure and Significance (Putnam’s Sons, 1898) 
Russell: Lakes of North America (Gmn & Co , 1897). 



CHAPTER II 


MATERIAXS OF THE EARTH — MINERALS ^ 

Definition and Significance of Minerals 

Minerals are, with slight exceptions, the materials which con- 
stitute the known parts of the earth. Mineralogy is, therefore, 
in a very real sense the most fundamental of the various branches 
of the great science of geology because the events of earth-history, 
as interpreted by the geologist, are recorded in the mineral matter 
(including most rocks) of the earth. When we examine the rocky 
material or mineral matter of the earth in any region we find that 
it consists of various kinds of substances, each of which may bo 
recognized by certain characteristics. Each dcfinitG substance 
(barring those of organic origin) is called a mineral. Or, more 
specifically, a mineral is a homogeneous substance of clofinite 
chemical composition found ready-made in nature and not a 
product of hfe. Accordmg to this definition, a mineral must be a 
natural, morganic substance of the same nature throughout, and 
its composition must be so definite that it can be expressed by a 
chemical formula. 

All artificial substances, such as laboratory and furnace prod- 
ucts, are excluded from the category of minerals because they 
have taken no part in the history of the earth. Coal is not a 
mineral both because of its variable composition and its organic 
origin. A few examples of very common substances which 
satisfy perfectly the definition of a mineral are quartz, feldspar, 
mica, calcite, and magnetite. More than a thousand mineral 
species are known. To these, and their varieties, several thousand 
names have been given. Not more than forty or fifty of the many 
minerals are, however, of great geological importance, and of these 
3nly six or eight make up more than nmety per cent of the outer 

^ Considerable portions of this chapter are taken by permission from 
:;;3hapter XX of the present author^s Geology' The Science of the Barthes Cruetf 
^hich forms Volume 3 of Popular Science Library published by P. F. Collier 
feSon Company. 
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or crustal portion of the earth. Only two minerals — water and 
mercury — ordinarily exist m liquid form. 

OiiEMicAL Make-up of Minerals 

It IS a surprising fact that of the ninety or more chemical 
elements, that is, substances which cannot be subdivided into 
simpler ones, only eight make up more than ninety-eight per cent 
of the weight of the earth’s crust. It is important to note, how- 
ever, that, with one very shght exception, none of the eight 
exists as such in mineral form. These eight elements are oxygen 
(nearly fifty per cent), sihcon (over twenty-five per cent), alumi- 
num (over seven per cent), iron (over five per cent), calcium (or 
“ lime ”), magnesium (or “ magnesia ”), sodium (or “ soda ”), 
and potassium (or “ potash ”). Among other elements found in 
useful or common minerals are carbon, hydrogen, sulphur, chlo- 
rine, fluorine, phosphoius, banum, copper, gold, lead, mercury, 
platinum, silver, tin, and zinc. Some of the elements last named 
may exist as such in nature, as for example, gold, copper, silver, 
carbon (in form of graphite and diamond), sulphur, and platinum. 

In most cases by far two or more of the chemical elements are 
variously combined in such a manner (chemically) as to lose their 
identities as such. Thus the two vicious substances sodium and 
chlorine are combined to form the beneficial mineral called hahte 
or common salt (composition, chloride of sodium). Oxygen and 
silicon (a gas and a solid) may be united to form the very hard, 
common mineral called quartz (composition, oxide of silicon). 
Three elements — calcium, carbon, and oxygen — are united in 
the common mineral known as calcite (composition, carbonate of 
lime). Four elements — potassium, aluminum, sihcon, and 
oxygen — are chemically combined in the exceedingly common 
mineral known as orthoclase feldspar (composition, potassium 
aluminum silicate). Some other minerals are still more comph- 
cated in composition. 

Geological Importance op Minerals 

Certain rock formations are made up essentially of but one 
mineral in the form of numerous individual grains, as for example 
pure limestone which may consist wholly of calcite (carbonate of. 
lime), or pure sandstone which may contain only grains of quartz 
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(oxide of silicon). Most of the ordinary rocks are, however, made 
up of two or more minerals mechanically bound together. Thus, 
in a specimen of granite on the author’s desk, several distinct 
mineral species are distinguishable by the naked eye. These 
mineral grains are from one to five imllimetci-s across. Most 
common among them are hard, clear, glassy grains, called quartz; 
nearly white, hard grains, often with smooth faces, called feldspar; 



Fig. 6 

A group of quartz crystals (Courtesy of the American Museum 
of Natural History.) 

small, silvery white flakes, called mica; and small, hard, l)lack 
grains, called magnetite. 

It is the business of the mineralogist to learn the characters 
of each mineral, how they may be distinguished from each other, 
how they may be classified, how they are found in nature, how 
they originate, and what economic value they may have. It is an 
important part of the business of the geologist to learn what 
individual minerals combine to form the various kinds of rocks 
(described in Chapter II), how such rocks originate, what changes 
they have undergone, and what geological history they record. 
It is thus clear that mineralogy is an important part of geology, 
which latter is essentially the science of rocks. 
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Crystal Forms of Minerals 

One of the most remarkable facts about minerals is that most 
of them by far have a crystalline structure, that is they are built 
up of definitely arranged tiny particles known as molecules. 
Crystalline minerals are often more or less regular, solid forms 
bounded by plane faces and sharp angles, such forms being known 
as crystals (Fig. 6). How do crystals develop such regularity of 
form? 'Any solid is considered to be made up of many very tiny 
(sub-microscopic) molecules held together by an attractive force 
called cohesion. In liquids the molecules may more or less freely 
roll over each other, thus altering the shape of the mass without 
disrupting it. In gases the molecules are considered to be rela- 



Fig.7 

Piles of shot illustrating the molecular structure of crystals 
(After Whitlock, New York State Museum) 


tivcly long distances apart and moving rapidly. During the 
process of change of a substance from the condition of a liquid 
or a gas to that of a solid, due to lowering of temperature or 
evaporation, the cohesive force pulls the particles (molecules) 
together into a rigid mass. Under favorable conditions such a 
solid possesses a regular polyhedral form. 

The process of crystallization has been clearly suggested by 
Whitlock who says: This results from the fact that particles or 
molecules of the substance which, while it was liquid or gaseous, 
rolled about on one another, have been in. some way arranged, 
grouped, and built up. To illustrate this, suppose a quantity of 
small shot to be poured into a glass: the shot will represent tht' 
molecules of a substance in a liquid state, as for example a solution 
of alum. If, now, we suppose these same shot to be coated with 
varnish or glue so that they will adhere to each other, and imagine 
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Fig 8 

Crystal forms of some common mmerals a, amphibolc; 6, apatite; 
c, beryl; d, corundum; e, f, g, calcite; h, %, feldspar; j, fluorite; k, I, gar- 
net; m, gypsum; n, hematite; o, magnetite; p, pyrite; g, pyroxene; 
r, cbalcopyrite; s, t, quartz; u, sulphur; v, tourmaline; w, zircon. 
(After New York State Museum.) 

them grouped as shown in Figure. 7a, they will represent the 
arrangement of the molecules of the alum after it has become 
solid or crystallized. This arranging, grouping, and piling up of 
molecules is called crystallization, and the solid formed in this way 
is called a crystal. Figures 7b and 7c show the shot arranged to 
reproduce two common forms of crystals (e.g. fluorite and calcite),’’ 





MATEEIALS OF THE EARTH — MINERALS 


19 


Certain facts furnish all .but absolute proof of regularity of 
arrangement of particles within ciystals. Among these facts are 
the wonderful regularity {symmetry) of faces upon crystals; the 
remarkable property of most crystals to spht (cleave) readily 


in certain directions; the grouping of crystals according to 
characteristic effects of the 
passage of light (especially 
of polarized light) through 
them; and x-ray photo- 
graphs showing systemati- 
cal arrangement of groups 
of particles within crystals. 

All crystals may be 
grouped into seven sys- 
tems, each characterized 
by a certain type of ar- 
rangement of crystal faces, 
angles, and edges about 
imaginary lines (axes) 
which run through the cen- 
ter of the crystal Each 
system contains from two 
to seven classes of sym- 
metry, there being thirty- 
two in all. Each class 
contains seven funda- 



mental crystal forms. 
Thus, two of the seven 
fundamental forms of the 
class to which garnet be- 
longs are represented by 


Fig. 9 

Part of a crystal of calcite showing three 
well-developed cleavages. (Photo by 
the author.) 


Figures 8k and 81. Figure 8 illustrates perfect crystal forms of 


a number of common and useful minerals. 


Phtsical Propekties of Minerals 

Cleavage. — Many crystals and crystalline substances exhibit 
the important property known as cleavagej that is, a marked 
tendency to break or split easily in certain well defined directions 
yielding more or less smooth surfaces. A cleavage surface is, as 
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would be expected, always parallel to an actual, or at least a 
possible, crystal face, because the splitting occurs along planes of 
weaker molecular cohesion. The degree of cleavage varies from 
almost perfect, as in mica, to veiy poor or none at all, as m quartz. 
The number of cleavage directions exhibited by common minerals 
is illustrated by the following mica, one; feldspar and aniphi- 
bole, two; calcite (Fig, 9) and galena, three; fluorite, four; and 
sphalerite, six. In the study of mineral specimens, careful atten- 
tion should be given to cleavage whenever it occurs, for certain 
minerals always show certain cleavage directions. 

Hardness. — An important criterion for the recognition of 
minerals is hardness^ by which is meant the degree of resistance 
which a smooth mineral surface offers to abrasion or scratching. 
Scarcely any two minerals are just ahke in hardness, but for 
practical purposes a generally adopted scale recognizes ten degrees 
of hardness as follows: 

1. Soft, greasy feel, and easily scratched by the finger nail 

(eg. talc), 

2. Just scratched by the finger nail (e.g gypsum). 

3. Just scratched by a copper com (e.g calcite). 

4. Easily scratched by a knife, but does not scratch glass (e.g. 

fluorite). 

5. Just scratches common glass, and is scratched by a knife 

(e.g. apatite). 

6. Not scratched by a knife and scratches common glass easily 

(e.g. orthoclase feldspar). 

7. Much harder than steel, and scratches hard glass easily 

(eg quartz). 

8. 9 and 10 Harder than any ordinary substance, and repre- 

sented in order by topaz, corundum, and diamond. 

Color. — Minerals show a great variety of colors. Many of 
them, hke pure quartz, gypsum, halite, and calcite, are colorless or 
white. Many of them, hke galena (steel-gray), pyrito (brass- 
yellow), azurite (blue), malachite (green), magnetite (black), 
and cinnabar (red), possess these colors as inherent characteristics 
which never fail. Still others, like amethyst (purple) and sapphire 
(blue) are colored by impurities. 

Lustre. — Lustre is the appearance of the surface of the mineral 
independent of the color. It is often more or less characteristic 
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of ^ a mineral such as metallic, glassy, resinous, greasy, dull, 
brilliant, etc. 

Transparency. — A mineral is said to be transparent when an 
object can be seen clearly through it, translucent when it trans- 
mits light but an object cannot be seen through it; and opaque 
when it transmits no hght. 

Streak. — Certain of the colored minerals are colored differ- 
ently when in powdered form. A simple way to get a little of the 
powdered mineral is to rub the specimen on a piece of unglazed 
porcelain (so-called “ streak-plate ”). The streak so obtained may 
be characteristic of the mineral, and this greatly aids in identify- 
ing the species. Thus, black hematite gives a red streak; black 
limonite a yellowish brown streak; yellow pyrite a greenish black 
streak; etc. 

Weight. — Minerals vary greatly in weight, each one having 
its own characteristic specific gravity, that is, weight in proportion 
to that of an equal volume of water. The range is from less than 
1 to about 23. The average specific gravity of all minerals is 
about 2.6. It is important to note the relative weight of the speci- 
men examined because it often aids in recognizing the species. 


Some Common and Useful Minerals 

A reasonable acquaintance with the more common and useful mmerals can 
be gained only by a study of actual specimens In the following list, alpha- 
betically arranged for convenience of reference, only the more obvious, easily 
detcnninable properties of each mineral are listed. 

Amphiboles. — A number of species related in composition, crystal form, 
and properties are here included They are mostly very complicated com- 
pounds of silicon, oxygen, hme, and magnesia, usually also with aluminum 
and iron. The most common and important one is called hornblende. It 
crystaUizes with well-defined pnsmatic faces (Fig 8), and with two good 
cleavages crossing at angles of about 124° and 56° and parallel to the pnsmatic 
faces. Color, dark brown to black Transparent to opaque. Hardness, 
nearly 6. Specific gravity, over 3. It is a very common mineral, especially 
in Igneous and metamorphic rocks. ^ Much less common varieties of am- 
phibole are tremohte, colorless to hght gray, and common in metamorphic 

^ There are three great classes of roclcs. (1) igneous, comprising mate- 
rials which were once molten; (2) sedimentary, compnsmg those which have 
been deposited by ice, wind, or water (chiefly the last) , and (3) metamorphic, 
comprising igneous or sedimentary rocks which have been altered profoundly 
from their original condition. The more common kinds of rocks are described 
and explained in Chapter II. 
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limestones; actinohte, a green variety common m some metamorphic rocks 
one kind of asbestos which is a very fibrous mineral, and one kind of jade whicf 
IS white, gray or green and very tough 

Apatite. — Composition a combination of phosphorus, oxygen, and hme 
Crystallizes m regular six-sided prisms capped at each end by a six-sided 
pyramid (Fig 10) Color variable, but usually green or brown Transparent 
to opaque. Hariiess, 5 No good cleavage Specific gravity, 3 2 Rather 
widely disseminated m many common kinds of rocks Apatite, mainly in 
uncrystaUized form, is the chief source of phosphate fertihzer 



Fig 10 

A crystal of apatite on limestone. (Courtesy of Katharine Bryant) 

Azurite. — Composition a compound of copper, hydrogen, carbon, and 
oxygen. Commonly crystallized m tabular and prismatic forms. Color, 
characteristic azure-blue Translucent to opaque. Hardness, nearly 4. 
Specific gravity, nearly 4. No good cleavage. Commonly occurs in vcins.^ 
It is an ore of copper, as for example in some of the copper mines of Arizona. 

Bante, — A compound of barium, sulphur, and oxygen crystallizing in 
tabular prismatic forms. Often called heavy spar because of its specific 
gravity of 4 5 which is notably greater than that of the average light-colored 
mmeral. It has three good cleavages, two of them at nght anglen. White 
or colorless when pure Transparent to opaque. Hardness, 3.5. It is a com- 

^ Vems are fissures m the earth which have been filled with mineral 
matter from solutions. 
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mon mineral, especially m vem deposits, often associated with ores ^ Used 
in powdered form to give added weight to certam kmds of paper and cloth. 
It is the source of a barium compound used to refine sugar. 

Beryl. — Composition a complex combination of sihcon, oxygen, 
aluminum, and the rare element beiylhum Usually crystalhzes m regular 
six-sided prisms, sometimes a foot or more long (Fig. 8) Color, usually 
white, green, blue or yellow. Transparent to translucent Specific gravity, 
2.8. Practically no cleavage Very exceptionally hard, being 8 m the scale. 



Fig. 11 

A group of calcite crystals. (Courtesy of the American 
Museum of Natural History.) 


Two varieties of beryl — emeraM (green) and aqmmarine (blue) — are well- 
known and highly prized gem stones. The colors are due to shght impurities. 
Beryl occurs most commonly m a special kmd of coarse grained granite, and 
in metamorphic rocks 

Calcite. — Sometimes called calc spar ” Composition: a combination 
of lime, carbon, and oxygen (i e. a carbonate of lime) . Exbbits a great variety 
of crystal forms, but all of them with crystal faces arranged in sixes or threes 
aroimd a pnncipal axis. Figures 8 and 11 illustrate a few of the inost common 
shapes. Three almost perfect cleavage directions, none meeting at right 
angles (Fig. 9). Color, white or colorless when pure, but of various shades 

1 An ore is a metal-bearmg mmeral of economic value. 
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when impure. Transparent to opaque Hardness, 3 Specific gravity, 2 7. 
Bubbles freely when touched with a drop of cold, dilute, hydrochloric acid. 
Calcite IS a very common mineral especially because much hmestone (includ- 
ing chalk) and marble usually consist largely of it Very common as vein 
fillings (Fig 298). Also often occurs m the form of a stringy, poious spring 
deposit called tmvertinej and as cave deposits such as stalactites and stalag” 
mites (Fig 297) A very clear, crystalhne variety is Iceland spar Calcite 
IS a very useful mineral widely employed in the foim of limestone and 
marble for building stone, decorative purposes, etc Also used in making 
qmckhme, as a flux m smelting certain ores, m glass makmg, etc. 

Cassitente. — Composition: a simple compound of tin and oxygen 
Crystallizes in four-sided prisms capped with pyramids Hardness, over (5 
(greater than steel) Specific gravity, 7 (notably high) Color, brown to 
nearly black Translucent to opaque Practically no cleavage Usually 
occurs m granite or metamorphic rocks near granite, and also in gravel de- 
posits, as m the important mmes m the Malay region It is the one great ore 
of tin. 

Chaleo cite. — Composition a simple compound of copper and sulphur 
Crystallizes m flattish prismatic forms, but usually not crystalhzed. Bhmy 
black with metaUic lustre, and tarmshes on exposure to air to dull black 
Opaque. Hardness, nearly 3 Specific gravity, nearly 6 (notably high) No 
cleavage Occurs m vem deposits often as an important oie of coppci, as at 
Butte, Montana 

Chalcopynte. — Sometimes called ^‘copper pyrites^’ Composition: a 
simple compound of copper, iron, and sulphur Crystallizes in four-sided 
tetrahedron-hke forms, but good crystals are not common Color, characteris- 
tic deep brass-yellow with metallic lustre Opaque. Hardness, 3.5. Specific 
gravity, over 4 Rather widely distributed, usually in vem deposits, often 
associated with other metal-bearmg mmerals. It is a very important ore of 
copper, as at Rio Tinto, Spam. 

Cinnabar. — Composition mercury and sulphur chemically united. 
Color, characteristic vermilion-red. Transparent to opaque. Hardness, 2.5, 
being an extra-soft metal-bearmg mineral. Specific gravity, over 8, being 
extra-heavy. Small three-sided crystals are rare Completely vaporizes on 
bemg heated It is the one groat ore of mercury (qmcksilver), especially in 
California and Spam. 

Copper. — Known as ‘‘native copper” Composition, copper only* 
Color, characteristic copper-red, with metalhc lustre. Opaque. tlardnc^HH, 
less than 3. 'Specific gravity, nearly 9, being extra-heavy. Cubic and modi- 
fied cubic crystals are not common Rather widely distributed, usually in 
vems It IS an important ore of copper, especially in tlic great mines of 
Northern Michigan. 

Corundum. — Composition: a simple combination of aluminum and 
oxygen Crystallizes m six-sided pnsms capped with very stoop pyramidal 
faces (Fig. 8) Hardness, 9, being among the few very hardest of all known 
mmerals. Specific gravity, about 4, Three good cleavages make angles of 
nearly 90° with each other Color, usually gray to brown, but vanes greatly. 
Transparent to opaque Two of the most highly prized precious stones — 
ruby (red) and sapphire (blue) — are nearly transparent, slightly impure 
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vaneties of corundum Oriental topaz (yellow), oriental emerald (green), and 
omental amethyst (purple) are also varieties of corundum. Emery is a fine 
grained, gray, crystalline variety of corundum usually mixed with magnetite, 
etc Corundum occurs in various igneous and metamorphic rocks, and also 
m gravel deposits, as m the sapphire and ruby mines of Burma, Siam, and 
Ceylon Emery was formerly mined in Asia Mmor, Massachusetts, and 
California for use in the manufacture of abrasives 

Diamond. — Composition pure carbon. Crystallizes m octahedral 
forms Colorless when pure, but often variously tinted, one variety bemg 
almost black Transparent to 
opaque. Exceedingly brilhant 
lustre. Hardness, 10, being 
the hardest known substance 
Cleaves m four directions par- 
allel to the octahedral crystal 
faces. Specific gravity, 3.5 
Burns away completely at high 
temperature Found m a pecu- 
har kind of igneous rock in the 
great mines of South Africa 
Also occurs in gravel deposits, 
as m Brazil and India. 

Dolomite. — Composition 
a combination of lime, mag- 
nesia, carbon, and oxygen 
Crystals are usually six-sided 
rhombohedrons (Fig 8) Three 
cleavage directions, much as in 
calcite. Hardness, nearly 4 
Specific gravity 2 8 Colorless 
or white when pure, but va- 
riously colored by impurities 
Translucent to opaque. Often 
difficult to distinguish off-hand 
from calcite, but it does not 
bubble when touched with a 
drop of cold dilute hydrochloric 
acid. It is a common and widespread mineral, especially m vem deposits, and 
m certain kinds of hmestone and marble 

Feldspars. — Here are included a number of imneral species and vane- 
ties, all very closely related in composition and properties. They are all com- 
poxmds of aluminum, sihcon, and oxygen with either potash, soda, or lime. 
AU have common properties as follows’ Color, usually white, gray, or pink; 
transparent to opaque; crystals in form of prisms with faces meeting at or 
near 90° or 120° (Fig. 12); two good cleavages at or near 90°; hardness at or 
near 6; and specific gravity of about 2.6, which is the average for all minerals. 
The most common potash feldspar is orthodase, with two cleavages at exactly 
90°. The soda-lime feldspars go by the general name of plagiodase. They are 
slightly different from orthoclase m crystal form and have cleavages at ap- 
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proximately 86° Very commonly cleavage faces in one of the two direction 
show fine parallel lines caused by a peculiar development (called ** twinning ” 
during the crystal growth Among the several varieties of plagioclase ar 
alJnte, including most moonstone^ and lahradonte which is usually gray to green 
ish gray with a beautiful play of colors Feldspars are by far the most abun 
dant min erals of the earth's crust They occur m all of the three gieat group, 
of rocks — Igneous, sedimentary, and metamorphic — but their most commoi 
home IS in the igneous rocks, as for example granite Potash feldspar is usee 
in the manufacture of porcelain and chmaware Special varieties are used ai 

semiprecious stones or for dec 
orative purposes 

Fluonte. — Often callec 
“ fluor spar " Composition i 
simple combination of lime anc 
fluorine Commonly found ii 
the form of cubic crystals 
Colorless when pure, but vari- 
ously, and often beautifully 
colored, especially blue, green, 
purple and yellow, due tc 
impurities m solution during 
crystallization. Transparent to 
translucent Four well-devel- 
oped cleavages meeting at such 
angles as to permit octahedrons 
of very regular shape to be 
broken out of crystals Hard- 
ness, 4. Specific gravity, over 
4 Very common m vein de- 
posits, often associated with 
ores Some veins in mines of 
Southern Illinois are 20 to 40 
feet wide Mostly used in the 
manufacture of glass, enamel 
ware, and a certain kind of steel. 
Fig. 13 Galena. — Composition: 

Galena crystals (Photo by the author.) simple combination of lead 

and sulphur Crystals are 
most commonly cubes (Fig 13) and octahedrons. Color, load-gray with 
metafile lustre which tarmshes dull. Opaque Hardness, 2.6. Specific 
gravity, 7 5 (notably high) Very brittle. Three excellent cleavages at 
nght-angles, and parallel to the cubic crystal faces It is the one great ore 
of lead, bemg mined in many parts of the world, as for example Missouri, 
Colorado, Idaho, and the Rhine district 

Garnets. — The term garnet " includes a number of imneral species or 
varieties very closely related m composition, crystal form, and physical prop- 
erties. Composition, compounds of sihcon, oxygen mostly with aluminum 
and either hme, magnesia, or iron. Crystals are thickset, usually with 12 or 
24 faces, or a combination of the two (Fig. 14). Cleavage, scarcely noticeable. 
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Hardness, 6 5 to 7 5 (extra high). Specific gravity, 3 1 to 4 3 Hardness and 
specific gravity vary according to species. Color varies with composition; 
but mostly red, brown, black, or green Transparent to opaque. Garnets 
are mostly found in metamorpMc and igneous rocks Used as a precious stone, 
and also in the manufacture of so-called “ garnet paper which is s imil ar to 
“ sandpaper ” 

Gold. — Known as “ native gold ” Composition pure gold. Crystals 
are usually thickset, octahedral forms, but they are rare No cleavage. Color, 
characteristic gold-yellow Opaque Hardness, less than 3. Specific gravity, 
over 19, being exceedingly high. 

Extremely malleable Gold is, 
in small amounts, very widely 
distributed. Most of it occurs 
m gravel placer ”) deposits, 
and in vein deposits 

Graphite. — Commonly 
called '' black lead,” but it is 
not lead at all Composition: 
pure carbon — the same as that 
of the diamond, but with strik- 
ingly different physical proper- 
ties. Color, black with metallic 
lustre Opaque Crystalhzes 
in thin, flexible, six-sided plates 
or flakes Hardness, between 1 
and 2. Easily rubs off on paper, 
and feels greasy. Specific grav- 
ity, 2,2 The most natural 
home of graphite is metamor- 
phosed (crystallized) sedimen- 
tary rocks. Also occurs in veins, 
and m some igneous rocks. It 
has many uses, among them 
being as a lubricant, in mak- 
ing ^‘lead” pencils, crucibles, 
graphite paint, stove polish, etc 

Mined in Northern New York, ^ , 

Pennsylvama, Ceylon, etc Garnet crystals m schist. (Photo by the 

Gypsum. — Composition: author) 

a compound of hme, sulphur, 

and oxygen contammg water in combination with it. Crystals, usually 
tabular prismatic (Fig. 8). Colorless or white when pure Transparent to 
opaque. Hardness, 2, and easily scratched by the finger nail. Specific grav- 
ity, 2.3. Three good cleavages crossing at angles of 66° and 114®, Moderately 
flexible in thin plates. A very clear, cp^stallme variety is called selenUe; a 
fibrous variety, satin spar, and a massive or granular variety, rock gypsum 
Gypsum is a common and widespread mineral, especially associated with sedi- 
mentary rocks in the form of layers and veins. Its greatest uses are m the 
manufacture of Plaster of Pans and (when burned) as a retarder for cement. 
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Halite. — Usually known as “common salt.’’ Composition a simple 
compound of soda and chlorine. Crystals are usually cubes. Hardness, 2 5. 
Specific gravity, 2 5. Colorless to white when pure Translucent. Char- 
acteristic salty taste. Three good cleavages at light angles and parallel to 
faces of the cubic crystal Abundant and widespread in sedimentary forma- 
tions of nearly all ages, sometimes as beds of rock salt and sometimes as 
natural brine or veins Vast quantities occur m the sea and m salt lakes. 
Halite IS very useful, as for example for cooking and preservative purposes, 

indirectly in glass and soap mak- 
ing, for glazing pottery, and in 
many ore-smeltmg and chemical 
processes 

Hematite. — Composition: a 
simple combination of iron and 
oxygen Crystalhzcs m rather (jom- 
plexsix-sided forms (Fig S). Often 
in rounded masses (Fig 15) CJolor 
when crystalline is black with me- 
tallic lustre, otheiwise it is dull red. 
Opaque Streak is always red. No 
cleavage Hardness, about 6. Spe- 
cific gravity, about 5 (notably 
above the average) It is very 
widespread m rocks of all ages, 
especially m metamorphic and sedi- 
mentary rocks, in both beds or 
layers, and in veins. It is the 
greatest iron ore, being oxhmsivoly 
mined m Minnesota (Fig. 344), 
Michigan, Wisconsin, and Ala- 
bama. 

Fig 15 Kaolin. — Commonly called 

Rounded masses of hematite. (Photo ^ chma clay.” Composition: a 
by the author.) combination of aluminum, hydro- 

gen, sihcon, and oxygen. Seldom 
crystallizes in small scalehke forms Usually occurs in compa(^t, clayhko 
masses Color, white when pure. Translucent to opaque. Usually feels 
smooth and plastic. Hardness, over 2 when crystallized; otherwise it is 
softer Specific gravity, 2 6 Kaolin forms the mam body of much clay and 
shale, and so it is very widespread and abundant. Usually results from 
decomposition of feldspar. Pure deposits are worked for manufacture of 
chinaware, pottery, porcelain, etc 

Limomte. — Composition a compound of iron and oxygen similar to 
hematite, but also it contains variable amounts of water in combination. 
Never crystaUizes Color, black to light and dark brown. Opaque, (jives a 
characteristic yellowish brown streak. Hardness, about 5 Specific gravity, 
nearly 4. Very common and widespread. Always a product of decomposition 
of various iron-beaxmg minerals. It is an iron ore of some importance. 

Magnetite. — Composition: a compound of iron and oxygen in different 
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proportions than in hematite Crystals, usually in regular octahedral forms. 
Color, black. Opaque Streak, black. Highly magnetic. Hardness, 6. 
Specific gravity, 5. Widespread as crystals m all kinds of igneous rocks, and 
xn some metamorphic rocks Also occurs as more or less irregular large masses 
and layers in certain igneous and metamorphic rocks, and m some sands It 
is an important iron ore, as for example m Northern New York, Norway, and 
Sweden 

Malachite. — This mineral is in almost eveiy way hke azurite, except for 
its color (green), and a shght difference in composition. Translucent to 
opaque. It is an important ore of copper, as for example m Anzona, New 
Mexico, Chile, and Mexico. 

Micas. — Several species closely related in composition and properties are 
here included Composition combinations of sihcon, oxygen, and alunomum 
usually with either potash, hydrogen, magnesia, or iron. Crystals are six- 
sided plates or prisms whose angles are alinost 120°. One very fine cleavage 
at right angles to the prismatic faces, yieldmg exceedingly thm, elastic sheets 
Haidness, 2 to 2 5 Specific gravity, 2 7 to 3 Transparent to opaque 
Hardness, weight, and color vary with the species, most common of which 
are muscovite or ismglassj which is colorless m thm sheets where pure; InoHte 
which is black, and phlogop%te which is brown Among the uses of muscovite 
are as insulating material m electrical apparatus, for stove fronts, as a lubn- 
cant, etc. 

Olivine. — Often called “chrysolite” Composition* a compound of 
magnesia, iron, silicon, and oxygen Crystals are usually stout pnsmatic 
forms Color, usually yellowish green Transparent to translucent. Hard- 
ness, nearly 7 (extra high) Specific gravity, 3 3 No good cleavage. It 
occurs most commonly in dark, iron-beanng igneous rocks. A clear, green 
variety, called peridot, is used as a gem stone 

Opal. — Composition a simple combination of sihcon and oxygen con- 
taining water m varying amount Never crystallized, probably because of its 
indefinite composition Hardness, 5 5 to 6 5, varying with varieties. Specific 
gravity, about 2 Color, variable. Transparent to opaque A few of its 
vaneties are common opal, and wood opal, usually white to light brown, trans- 
lucent, and with a greasy lustre; precious opal, translucent with a beautiful 
play of colors and used as a gem; and hyalite m colorless, rounded masses 

Platinum. — Known as “ native platmum ” Thickset crystals are very 
rare. Composition pure platmum. Color, hght steel-gray with metaUic 
lustre. Opaque. Hardness, 4,5 (high for a metal). Specific gravity when 
pure, over 21, making it one of the very few of the heaviest known substances. 
Very malleable. Found mainly in gravel (“ placer ”) deposits, and rarely in 
certain igneous rocks, mostly m the Ural Mountams of Russia Used in the 
electrical industry, for jewehy, and in making certain scientific instruments. 

Pyrite. — Commonly called “ iron pyrites ” Sometimes called “ fools’ 
gold ” Composition* a simple combination of iron and sulphur Crystals are 
usually cubes, or thickset twelve-faced forms (Fig 8) Color, hght brass- 
yellow with metallic lustre. Streak, greenish black Opaque. Practically 
no cleavage Hardness, 6, or greater than that of steel. Specific gravity, 
about 5 (notably higher than the average) Lighter colored and much harder 
than chalcopyrxte. Common and widespread m rocks of nearly aU kinds and 
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ages, but it especially occurs as veins and lenslikc deposits m certain meta- 
morphic rocks, as in Virginia, northern New York, and Spain, whore it is 
mined. Used mostly in the manufacture of sulphuric acid C" oil of vitriol ^0- 

Pyroxenes. — A number of species closely related in composition and 
properties are here included In most respects, particularly in composition, 
the pyroxenes are much like the amphiboles (above described). Crystals aie 
usually stout to thick-tabular prismatic forms (Fig 8), with the principal 
faces making angles of approximately 87° and 93° instead of approximately 
56° and 124° as in the common amphiboles Two cleavages (not always readily 
seen) parallel to the prismatic faces cross at angles of 87° and 93° Hardness, 
5 to 6, and specific gravity, 3 2 to 3 6, varying with the species. Color, 
commonly from white through brown to black and sometimes green. Trans- 
parent to opaque. The most common species or variety is auQite, which is 
dark green, or brown to black. It is a very common constituent of igneous 
and metamorphic rocks. Clear green diopszde is sometimes used as a gem 
stone. One kind of jade is a pyroxene. 

Quartz. — Composition* a simple compound of silicon and oxygen. 
Unlike opal, it contains no water. Crystals are very commonly six-sided 
regular prisms capped by rather steep six-sided or thiec-sided pyramids 
(Figs. 6 and 8). Hardness, 7, being much harder than the average mineral. 
Specific gravity, 2.6 (the average for all minerals) Practically no cleavage, 
and breaks hke glass. Colorless when pure, but varieties exhibit many colors. 
Transparent to opaque Among the distinctly crystalhne varieties arc: rock 
crystal^ pme and colorless; amethyst, purple; rose quartz, pink; and smoky 
quartz, dark. Among the very fine grained and non-crystalhne varieties are: 
Chalcedony, blmsh gray, waxy looking, usually in rounded masses; carnekan, 
red; prase, green, agate, banded in colors; flint, dark and somewhat trans- 
lucent; and jasper, red or brown and opaque. 

Next to feldspar, quartz is the most common mineral of the earth’s crust. 
At and near the surface it is the most abundant and widespi cad It is common 
in all three great groups of rocks — igneous, sedimentary, and metamorphic. 
It is a very common vein-filhng mineral, often associated with ores. Some of 
its varieties are used for ornamental and semi-precious stone purposes. It is 
used in making glass, sandpaper, porcelain, mortar, concrete, and in some ore- 
smeltmg processes Sandstone, usually consisting mostly of quartz, is widely 
used as a biuldmg stone. 

Serpentine. — Composition: a compound of magnesia, silicon, hydrogen, 
and oxygen. Color, usually light gray, yellowish green, ohve-green, or black- 
ish green, with waxy lustre Translucent to opaque Does not crystallize as 
such Hardness, variable from 2.5 to 5 Specific gravity, about 2.6. The 
most common kind of asbestos is a fibrous, hght-green to white variety of ser- 
pentine. Serpentine is always of secondary origin, being a decomposition 
product of other minerals such as ohvine, amplnbole, pyroxene, etc. It is 
common and widely distnbuted, especially in, and associated with, certain 
Igneous and metamorphic rocks. In large masses it is quarried as a building 
and decorative stone. Asbestos is much used in making various fire proof 
matenals. 

Siderite. — Composition: a combination of iron, carbon, and oxygen. 
In its crystal form, cleavages, hardness, and effect of warm hydrocUoric acid, 
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it IS very much like dolomite Color, light to dark brown Translucent to 
opaque. Specific gravity, about 4 ITsually found m layers in sedimentary 
formations, or in veins. Used as an iron ore, especially in Great Bntam. 

Silver. — Known as “ native silver ” Composition: pure silver. Seldom 
well crystallized, but usually occurs as ii regular masses, plates, and wirelike 
forms. Color, silver-white with metalhc lustre Tarnishes to dark on ex- 
posure to air Opaque Hardness, nearly 3 Specific gravity, 10,5 (extra 
heavy). Malleable Usually occurs in vem deposits along with other metal- 
bearmg minerals. 

Sphalerite. — Composition a simple compoimd of zinc and sulphur. 
Crystals are usually modified tetrahedrons (Fig 8). Color, yellowish brown, 
brown, to black, with resinous lustre. Transparent to translucent. Hardness, 
nearly 4. Specific gravity, 4. Very good cleavages m six directions crossmg 
at angles of 90® and 120°, so that regular twelve-sided cleavage pieces may be 
broken out of crystals Sphalerite is fairly common and widespread, nearly 
always occurring m vem deposits Usually associated with other metal-bear- 
mg minerals, particularly galena It is the greatest ore of zinc. 

Sulphur. — Known as native sulphur ” Crystals are usually combina- 
tion pyramidal forms with top and bottom truncated (Fig. 8). Color, char- 
acteristic sulphur-yellow with resinous lustre Transparent to translucent. 
Hardness, about 2 Specific gravity, about 2 (unusually low). Cleavages, very 
poor. Extensive deposits, as in Sicily, have resulted from decomposition of 
certain sulphur-bearing formations, especially gypsum beds. Some is of 
volcanic origm Great quantities are used m making sulphuric acid, matches, 
gunpowder, fireworks, and in vulcanizing and rubber goods bleaching. 

Talc. — Often called steatite Composition: a compound of magnesia, 
sihcon, oxygen, and hydrogen, much hke that of serpentine. Tabular and 
flakelike crystals are rare. Color white, light gray to greemsh. Translucent. 
Cleavage, excellent in one direction, yielding flexible flakes Feels greasy. 
Can be sliced with a kmfe. Hardness, 1 (very soft) Specific gravity, 2 8. 
Always a secondary product, resulting from decomposition of certain mag- 
nesiarnch minerals Used to weight paper, in soap, and as talcum powder. 
A compact, more or less impure variety, called soapstone^ is used for making 
wash tubs, electrical switchboards, blackboards, stove lining, etc 

Topaz. — Composition: a compound of aluminum, fluonne, silicon, and 
oxygen. Crystals are usually flattened prisms capped by pyramids at one 
end, and abruptly terminated at the other. Colorless when pure, but variously 
colored by impunties. Transparent to translucent One cleavage only, at 
right angles to prismatic faces. Hardness, 8 (very hard). Specific gravity, 
3.5. Usually found in cavities in igneous rocks. Topaz is a highly prized gem 
stone. 

Tourmaline. — Composition; a complex combination mainly of alum- 
inum and boron with varying amounts of iron, magnesia, manganese, lime, 
soda, potash, etc. Crystals are pnsms with faces in multiples of three capped 
at each end by pyrarcuds (Fig. 8). Color vanes with varying composition, 
but mostly black or brown. Transparent to opaque Hardness, over 7 (high). 
Specific gravity, about 3. Practically no cleavage. Commonly occurs in 
certain limds of igneous and metamorphic rocks. Some of the transparent, 
colored varieties are excellent gem stones. 
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MATERIALS OF THE EARTH — ROCKS 
Introduction 

Definitions. — The solid portion of the earth, or lithosphere, 
is, as far as known, composed of mineral and rock material. A 
rock may be defined as an aggregate of minerals if we use the term 
“ mineral in a loose sense to include exceptional material hke 
coal. It is most common by far for a rock to contain two or more 
mineral species, but in some cases it may consist mainly, or wholly, 
of one mmeral species, such as beds of gypsum, salt, many lime- 
stones, and certain iron ores. A rock very often consists of 5 to 
10, or more, minerals. Sohdity and hardness are not necessai-y 
features of rocks, for deposits of loose sand and soft clay are rocks 
just as truly as the hardest sandstone or granite. A rock formation 
is a more or less extensive constituent of the earth^s crust, ex- 
hibiting rather characteristic features throughout. 

Three Great Groups of Rocks. — Broadly considered, all 
rocks may be classified in three great^groups as follows : 

I. Sed imenta ry rocfcj^comprism^all earth materials, depasi, ted 

water^ wind, ice, and organic agencies. Examples, sandstone 

and limestone. 

II. Igneous rocks, comprising all earth materials which were 
once in a molten condition. E^mples, and granite. 

III. Metamorphic roefcs, ^^^comprisiifg ^ pi profoundly altered 
(metamorphosed) sedimentary and igndous rocks. Examples, 
schist and slate. 

General Significance of Rocks. — The science of geology is 
based largely upon the study of rocks, particularly in regard to 
their origin and history; the forces of nature which affect them; 
and the events of earth history which they record. It is, there- 
fore, important that the student of geology should early gain at 
least an elementary knowledge of the more common kinds of 
rocks. Only by a knowledge of the nature of the materials of the 
lithosphere (mostly rocks) can the action of geological processes 
upon them be rightly understood. To this end the student should 
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supplement his reading with study of specimens in the laboratory, 
and of actual rock exposures in the field, as far as that may be 
feasible. 


Sedimentary Rocks 

General Characteristics. — Rock and mineral mattfir of_ anv 
kind carried by water, wind, or ice becomes sedimentj which, in 
the course "of time, is d ep osi ted as such. Most sedimentary rocks 
by far originate as sediments. th©:::most common char- 

acteristics of such sedimentary rocks is their division into layers,^ 
th eir strat i fication (Fig. 16). By throwmg a quantity of loose 
rock material, the fragments of which range from very fine to 
coarse, into standing water, the coarsest material would settle 
first, and upon it successively finer and finer material. There 
would be a gradation from the coarsest material at the bottom to 
the finest at the top. By repeating the process a similar layer 
(or bed) would accumulate on top of the first, and the two layers 
would be separated rather sharply by a stratification or bedding 
surface. In water with a current there would be a tendency 
toward horizontal as well as vertical gradation of the sediment in 
each layer or bed due to the sorting power of the running water. 
The term stratum (plural, strata) j strictly speaking, applies to a 
collection of successive beds or layers of the same sort of rock 
material, but is very often used in the same sense as bed or layer. 
It should be borne in mind that some sedimentary rocks show httle 
or no sign of stratification, as for example in the case of many 
glacial deposits. Wind deposits are often more or less crudely 
stratified. 

Another common characteristic of many sedimentary rocks 
is the rpunded nature of the fragments and particles which com- 
pose them . This is due to Ihgfact that any sharp angles of rock 
and mineral fragments tend to be worn away by abrasion during 
transportation by water, wind, or glaciers. This feature stands 
in sharp contrast with that of the typical igneous rocks which are 
masses of more or less angular minerals (or crystals). 

Sedimentary rocks often contain fossil s (Fig. 2), that is, remains 
or impressions of animals and plants, while igneous rocks by their 
very nature almost never do. ' r 

Where Sediments are Deposited. — The^efltftfiti} theatre of 
sedimentation is the sea. The general tendency is, and has been 
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for long ages, for the land waste, resulting from disintegration 
and decay of rocks, to be carried into the sea, very largely by 
rivers. Most o f this sediment, amounting to vast quantities each 
year, is deposited in the shallow water relatively near the land, 
that is, within 100 to_ 200 nxiles of the shore. Shells and remains 
of various animals and plants, as well as volcanic materials 
(especially dust), accumulate over vast areas of the sea floor. 



Fig. 16 

An outcrop of sandstone showing a thick bed below and thin beds above. 
Near Johnstown, New York. (Photo by the author ) 

Large quantities of material worn from the shores by wave action 
are also deposited in the sea. 

Most lake bottoms receive sediments both derived by wave 
action and carried in by streams. Mineral matter in solution, such 
as salt and gypsum, may also be precipitated during evaporation 
of lake water. 

More or less deposition of the tremendous amount of sediment 
carried by streams takes place along the stream courses, par- 
ticularly on their flood-plains, or where streams emerging from 
mountains flow out into deserts and dry away. 
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Vegetable matter, which in many places may be changed into 
coal, accumulates in swamps, bogs, and some lakes. 

Various types of sediments are deposited directly upon the 
land. Thus piles of rock fragments derived from cliffs often 
accumulate at their bases; wind, especially in desert regions, 
transports and deposits great quantities of dust and sand; mineral- 
charged waters (springs) emerging from the earth deposit their 



Fig. 17 

A specimen of conglomerate (Photo 
by the author.) 

mineral matter at the surface; and glaciers transport and deposit 
large amounts of rock waste directly upon the land. 

How Sediments are Consolidated. — Most s edimentary rocks 
are now consolidated„into relatively hard rocks, but at the time 
of their" deposition they were mostly loose, incoherent mass^. 
Thus the familiar rock known as sandstone was once loose sand, 
and shale was formerly soft mud. W hat causes t h e^ consoli dation 
of sediments? One i mportant factor 'is or dow nward pres - 

sure. Where strata pile up to thicknesses oTm^y hundreds, 6r 
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even thousands, of feet as they commonly do, the weight or down- 
ward pressure of the overlying masses tends to squeeze together 
the fragments and particles of the lower masses of the pile, causing 
them to consohdate, perhaps by adhesion and cohesion. 

Cementatio n is another important cause of consolidation of 
sediments. Waters penetrating the earth^s crust carry various 
minerals in solution, and at considerable depths such minerals are 
deposited in the spaces of the loose sediment, causing the whole 
mass to be tightly bound together. 

Consohdation may also be effected by heat The source of 
the heat may be bodies of molten material which rise locally 
into masses of strata, or it may be the general interior heat of 
the earth where the bottom portions of thick piles of strata are 
far enough down to become appreciably affected. 

Mention may be made also of the influence of lat eral vres sure 
in the consolidation of sediments. Such a pressure may be exerted 
upon a great body of strata, causing it to be crumpled and raised 
into a mountain range as explained m Chapter XIII. 

Kinds of Sedimentary Rocks. — The more common^ kind§ o|_ 
sedimentary rocks may be classified 64i;£^eneraT way as follows: 


Principal Kinds of Sedimentary Rochas 


V 


1. Mechanical or 

fragmental origin. 


Sands and sandstones. 
Gravels and conglomerates. 
Clays and shales. 

Loess. 

Talus and breccias. 


Chemical origm. 


3. Organic origm. 


( Salt and gypsum. 

Some limestones. 

Travertme and sihccous sinter. 
Bog iron-ore. 

{ Most hmestones, including chalk. 
Diatomaceous earth 
Peat, lignite, and coal. 


Sedimentary rocks of mechanical origin, — The sedimentary 
rocks classified in this category are pf me chanicaTYii^mV'^a^ 
'theyl3onsist largely or wholly of fragments "of preexisting rocks 
carried along and deposited by water, wind, or ice. They are 
known as clastic rocks. 
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Sands are incoherent masses of fine, more or less rounded 
grains of mineral or rock fragments, usually consisting mainly of 
quartz. The grains are not more than a few millimeters m diameter. 

Sandstones are consohdated sands of varying degrees of hard- 
ness. The grains of sand are generally held together by a cement 
such as lime, oxide of iron, or oxide of silicon (sihca), etc Sand- 
stones are generally stratified in layers varying from thin to thick 



Fig 18 

A large exposure of sandstone and conglomerate. Weber 
Canyon, Utah (Photo by the author) 


(Fig. 16 ). They vary greatly in. color according to the nature of 
the fragments, cementing material, and impurities which they 
contain. They are most often white, gray, brown, or red. Sand- 
stones are usually very porous because of the numerous, relatively 
large spaces between the grains of the rock. There are many 
more or less impure varieties of sandstone, as for examples cal- 
careous sandstone, containing much lime; micaceous sandstone, 
containing many fl.akes of mica; argillaceous sandstone, rich in 
clay; and arkosic sandstone, rich in fragments of feldspar. 
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Gravels are incoherent masses of more or less rounded pebbles 
of any kind of rock ranging in size from a few millimeters to 
boulders a foot or more in diameter. The most common pebbles 
are of quartz, not only because this mineral is so abundant, but 
also because it is so hard that the rolhng and rubbing action of 
water, wind, or ice often only rounds off pebbles of it, while softer 
minerals and rocks are reduced to fine materials. 

Conglomerates are masses of gravel cemented together (Fig. 17). 
They are usually much more crudely stratified than sandstones 
because of the conditions under which they are deposited. They 



Fig. 19 

Steeply inclined shale beds Sunland, Los Angeles, Cali- 
fornia. (Photo by the author.) 


are given various names according to the prevailing kinds of 
pebbles in them, as quartz conglomeratej granite conglomerate^ 
limestone conglomerate, etc. 

Clays consist of very finely divided, decomposed rock and 
mineral matter of various kinds, but usually mostly of kaolin. 
They are plastic when moist. Muds are made up of very finely 
divided, little decomposed or fresh rock and mineral fragments 
of various kinds. They show little or no plasticity when moist. 
Shales are consolidated clays and muds. Clays, muds, and 
shales commonly vary in color from white through gray to black, 
and from bluish-gray or yellow through brown to red, the latter 
colors usually being due to the presence of an iron compound of 
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some kind. Dark gray to black clays and shales usually owe their 
color to the presence of considerable decomposing organic matter, 
as for example carbonaceous shale. A limy clay is usually called 
marl. There are also sandy shales, containing considerable sandy 
material, and calcareous shales, containing more or less limy 
material Shales and clays are usually well stratified, often m 



Fig 20 

A specimen of shell limestone many millions 
of years old. (Photo by the author ) 


thin layers (Fig. 19). Thin-bedded shales may be readily split 
into thin plates parallel to the stratification. 

Loess is a very fine grained, usually buff colored sandy, often 
limy, clay, mainly of wind-blown origin. 

Talus is a mass of more or less angular, loose fragments of rock 
of any kind that accumulates at the base of a cliff or steep slope 
(Fig. 47). Breccias are masses of more or less angular rock frag- 
ments which have been cemented together. 

SedimeriMry rocks of chemical ongin. — In this category are 
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included all sedimentary rocks which have been formed by de- 
position (or precipitation) of mineral matter from solution. 

Salt and gypsum are precipitated from salt lakes and lagoons 
which are subject to excessive evaporation, that is, where evapora- 
tion balances or exceeds inflow of water. The tendency is thus for 
the mineral matter to accumulate in solution until the point of 



Fig. 21 

An outcrop of limestone of Ordovician age. 

Glacial boulders on top. (Photo by the 
author ) 

saturation is reached, after which precipitation results. If both 
salt and gypsum are in solution the gypsum is deposited first 
because it is less soluble than the salt. Extensive deposits of both 
of these minerals exist in many regions, and they are usually well 
stratified. When pure they are white, but they are often variously 
colored by impurities. 

Where lime is in solution in lakes or lagoons, excessive evapora- 
tion may lead to its deposition, thus forming limestone. Such 
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Kmestone is, however, far less common than that of organic origin 
described beyond. 

Travertine and siliceous sinter are more or less porous, usually 
white, spring deposits, being especially conspicuous around the 
mouths of hot springs. They are both remarkably well developed 
in Yellowstone Park, the former at Mammoth Hot Springs, and 
the latter around the geysers. Travertine consists of limy 
material which bubbles when touched with hydrochloric acid, 
and siliceous sinter consists of silica, that is, a compound of silicon 
and oxygen which is not affected by the acid. 



Fig. 22 

Ancient (Tnassic) ripple-marked sandstone. 

(Photo by the author.) 

Bog iron-ore precipitates on the floors of certain bogs or lakes 
when an iron compound in solution in the water becomes oxidized, 
and therefore insoluble. 

Sedimentary rocks of organic origin. — Most limestones con- 
Sst of the limy shells, or fragments of shells, or other limy re- 
mains of animals and plants, mostly of animals. In many cases 
the organic remains, or at least fragments of them, are obvious to 
the naked eye (Fig. 20). In some cases such material can be made 
out only under a hand lens or microscope. In stiU other cases the 
limy organic remains either have been so thoroughly ground up 
(e.g. by waves on coral beaches), or so completely altered by 
crystallization, that the original organic structures are wholly 
obscured. Most of the great, very extensive limestone formations 
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have formed on the sea floor by accumulation of limy shells, etc. 
Limestones are usually well stratified (Eig. 21). 

Chalk is a very fine grained, soft Kmcstone with an earthy 
texture. It is usually white to light gray. Much chalk consists 
of the tmy shells of single-celled animals known as Foraminifera. 
Limestones are often impme due to a mixture with more or less 
sandy or clayey material, etc., and become sandy limestones ^ 
clayey (or argillaceous) limestones, etc. Shell marl is clayey mate- 



Fig. 23 

Mud cracks in a desert, near Cedar City, Utah. (Photo by the author.) 

rial rich in limy shells or fragments of shells. ‘All rocks hero de- 
scribed under the category of limestones bubble when treated with 
ordinary acid. They are usually well stratified. 

Diatomaceous earth is soft, very fine grained, usually white or 
gray earthy material composed mainly or wholly of the siliceous 
shells or secretions of minute, single-celled plants called Diatoms. 
It is usually well stratified, often in exceedingly thin layers when 
it is sometimes called diatomaceous shale (Kg. 19). It looks 
much like chalk, but acid does not affect it. 
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Peat, lignite, and coal all represent accumulations of beds of 
vegetable matter, usually under swamp conditions, which have 
been more or less decomposed (or carbonized) Vegetable matter 
of this kind, when only shghtly altered, is called peat; when it is 
somewhat more decomposed it is called hgnite (an imperfect coal) ; 
and when it is very much changed under conditions of burial in the 



Fig 24 

Filled mud cracks many millions of years 
old on sandstone Glacier Park, Mon- 
tana. (Photo by the author ) 

earth, so that the percentage of carbon is relatively high, it is 
called coal, including both bituminous and anthracite coal. Coal 
is more or less well stratified, and it usually forms beds betweeiL 
beds of shale or sandstone. 

Special Features of Strate. Ripple marks . These a re small 
p araUel ridges, seldom movo t h£m~a fewlnc^s high^ _for^T^ 
the rtpplmg action oj! either water or wind on certain incoherent 
sediments, especially sands and sandy mafermlFiSr general. ^Ihey 
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axe particularly characteristic of the action of waves in shallow 
water. A ripple-marked surface may be hardened enough to be 
deeply buried under other strata, and later exposed by removal of 
the overl 3 ring strata by a natural process (erosion). Figure 22 
shows ripple marks of this kind milhons of years old. Ripple 
marks are also made by wind action on wind-blown deposits, 
particularly on sand dunes (Fig. 231). 



Fig 25 

Cross-bedded sandstone of Tnassic age Near Kanab, Utah, (Photo by 

D. W. Johnson ) 

Mud^^ad^ When soft mud-qr sandy mud is left exposed to 
of. high wate^ the material dries and 
cracks into a network of fissures (Fig.^2^3). Flood plains of rivers 
and desert basins, with their alternating wet and dry surfaces, 
are often very favorable for their development. During dry 
weather such a cracked surface hardens, and the fissures may 
either be filled with wind-blown dust or sand, or the next flood may 
first fill the cracks, and then the whole surface with coarser sedi- 
ment. Thus a mud-cracked surface may, in the course of time, 
be deeply buried below the surface, and later exposed by wearing 
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away of the land. Figure 24 shows part of such a re-exposed mud- 
cracked surface tens of millions of years old. 

Cross-bedding . This ^irregular bedding at various angles to 
the generaPpIanes of stratification of a “formation (Fig. 25). It 
is*caused by the action of tides or water or wind currents varying 



Fig 26 

Concretions from clay beds of the 
Connecticut Valley, Massachusetts. 

One-half natural size. (Photo by 
the author) 

notably in force or direction. Rapid, shifting currents in shallow 
water of rivers, lakes, and even the sea favor its development. 
Wind-blown deposits are also often cross-bedded because of the 
shifting conditions of deposition. 

Strati fied rocks .my, cpntmn,, remains 
pressionshf aiimalsand plante of former- geologic ages. Sediments 
wfiSch were deposited in the sea are, as a rule, richest in such 
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fossils (Fig. 2). Lake and river deposits also often contain fossils, 
and sediments accumulated on land sometimes do (Fig. 5). Even 
occasional tracks of land and water animals of millions of years 
ago are wonderfully preserved. 

Concretions or nodules, aPfeese are rounded or irregular mass^ 
of materiaT^difTering in kind and father sharply separated ffo^m 
the beds of strata in which they occur, and harder than the latter. 
They are found in a great variety of shapes, sometimes suggesting 



Fig 27 

ConcretioDs in Tertiary sandstone. Los Angeles, 
California. (Photo by the author ) 


fossil forms. Some small ones are shown in Fig. 26. They range 
in diameter from less than an inch to a number of feet or yards. 
They are not pebbles or boulders deposited along with the sedi- 
ments which contain them as proved by the fact that stratifica- 
tion surfaces often pass right through them. They are segrega- 
tions, possibly aided by some crystallization, of certain materials, 
often around some object like a shell or leaf, formed either during 
or after the consolidation of the sediment. Their precise mode of 
origin is, however, not known. 


Igneous Rocks 

General Characteristics. — Igneous rocks are usually massive 
Eis compared to the generally stratified character of the sediment* 
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tary rocks. In some places, as with lava flows (Fig. 257), igneou 
rocks may be piled up in layers, but such rocks can, by their othe 
characteristics, be told from stratified rocks. Among such othe 
characteristics of igneous rocks are the general uniformity o 
appearance of masses or layers for considerable distances, botl 
vertically and horizontally; the usual angular, instead of rounded 
shapes of many, or aU, of the mineral constituents; the peculia 



Fig 28 

A specimen of granite (Photo 
by the author ) 


texture, especially the interlocking of the minerals; their mode o 
occurrence, especially where they cut across other rocks; th< 
effects of their heat upon adjacent rocks; and their almost utte 
lack of fossils. 

Minerals and Textures of Igneous Rocks. — When th( 
temperature of a mass of molten material, called magma, slowly 
lowers, a time finally comes when crystals of minerals begin t( 
grow, and the process continues until the whole mass becomei 
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solid. With more rapid cooling, some of the mass may not crystal- 
lize, and, under conditions of very rapid cooling, the magma may 
soKdify with httle or no crystallization. Among the many minerals 
known to crystallize from magmas, a few only are very common, 
such as the feldspars, quartz, the amphiboles, the pyroxenes, the 
micas, olivine, and magnetite. 

When a magma cools very slowly and uniformly within the 
earth’s crust, the whole mass becomes crystalline with mineral 



Fig 29 

A specimen of lava showing a porphyritic 
texture (Photo by the author ) 

grains readily determinable and of approximately uniform size, 
though seldom with well-defined crystal faces. This is called a 
granitoid texture (Fig. 28). When the rock contains many mineral 
grains too small to be made out by the naked eye, it is said to have 
a compact (or felsitic) texture. Such a rock may be partly un- 
crystaJlized. Igneous rocks with relatively large crystals (often 
with good crystal outlines) embedded in a fine grained or glassy 
ground mass are said to have a porphyntic texture (Fig. 29). Such 
a texture indicates two distinct stages of crystallization. Very 
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rapid cooling may result in the solidification of a magma with 
little or no crystallization. Such a rock possesses a glassy texture 
(Fig. 30). The term fragmental texture may be applied to an 
accumulation (loose or consohdated) of fragments of igneous rocks 
which have been explosively ejected from volcanoes, such as 
volcamc dust (or tujff) and coarser materials (or volcanic breccia). 

Plutonic and Volcanic Igneous Rocks. — In regard to modes 
of occurrence of igneous rocks, there are two main types, the 



Fig. 30 

A specimen of obsidian (volcamc glass). 

(Photo by the author.) 

plutonic or intrusive and the volcanic or extrusive. The former type 
results from cooling of magma which has been forced into the 
crust of the earth, but not to its surface, for example granite. 
Such rock is now visible only because of removal of the overlying 
material by natural agencies. The latter (volcanic) type results 
either from solidification of magma which pours out on the earth^s 
surface (e.g. lava flows), or from accumulation of igneous rock 
fragments which are thrown out by explosive action of volcanoes 



50 


PHYSICAL GEOLOGY 


(Fig. 277). The modes of occurrence of igneous rocks are con- 
sidered toward the end of Chapter VI. 

Kinds of Igneous Rocks. — The principal kinds of igneous 
rocks may be classified in a general way on the basis of essential 
mineral content and texture. In the study of the table presented 
herewith, it must be clearly understood not only that various 
accessory minerals are not listed, but also that adjacent types in 
the classification are not always sharply defined because many 
intermediate (gradational) types are known 


Principal Kinds of Igneous Rocks 




Orthoclase 
and quartz^ 
etc 

Orthoclase, 
but no 
quartz, etc 

Plagwclase 
and biohte 
or horn- 
blende, etc 

Plagtoclase 
and pyrox- 
ene, etc 

No feldspar 
BiotUe, horn- 
blende, or py- 
roxene, etc 

Mainly 

Volcanic 

Gtaahy or 
Frag- 
mental 

Rhyolite 
obsidian, 
tuff, brec- 
cia, etc 

Trachyte 
obsidian, 
tuff, brec- 
cia, etc 

Andesite 
obsidian, 
tuff, brec- 
cia, etc 

Basalt ob- 
sidian, tuff, 
bieccia, 
etc 

Limburg! to 
tuff, biec- 
cia, etc 


FeUitic 

Rhyolite 

Trachyte 

Andesite 

Basalt 

Limburgite 

Inter- 

medi- 

ate 

Po7 phy- 
rit%c 

Rhyo and 
Gra por- 
phyries 

Trach and 
Sy por- 
phyries 

And and 
Dior por- 
phyries 

Bas and 
Gab poi- 
phynes 

Lim and 

Per por- 
phyries. 

Mainly 

Plu- 

tonic 

Qranttotd 

Gramte 

Syemte 

Dionte 

Gabbro 

Pendotite. 



Granite 

family 

Syemte 

family 

Dionte 

family 

Gabbro 

family. 

Pondotito 

family 



Usually hght-oolored 

Usually dark to black 


Having a knowledge of the common minerals and textures 
involved in the above classification, the student should caxefully 
examine specimens of most of the types of igneous rocks listed. 
Such practical work may well take the place of printed descrip- 
tions of the various types. 


Metamoephic Rocks 

Meaning of Metamorphism. — Metamorphism means any 
change in mineral composition, structure, or texture of an igneous 
or a sedimentary rock whereby the original rook character is 
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notably altered. In many cases the products of metamorphic 
action look utterly different from the rocks from which they were 
derived, while in many other cases some of the original features 
are retained. Simple consolidation of loose sediment, like that of 
clay into shale, is not regarded as a metamorphic process. Dis- 
integration and decay of rocks under the action of the weather 
(atmospheric agencies) are, however, processes of metamorphism 
in the broad sense of the term. 

Sedimentary rocks which have been thoroughly metamor- 
phosed “ are much harder, denser, more crystalline, and the 
fossils, and perhaps even the marks of stratification, have been 



Fig 31 

A ledge of gabbro St. Lawrence County, 

New York (Photo by the author ) 

more or less completely obhterated. As to the igneous rocks, the 
particular features which distinguish them may disappear, and 
they may assume a banded appearance and cleavage which 
resemble those of sedimentary kinds '' (Pirsson), Without careful 
field study, it is sometimes impossible to tell whether a given 
metamorphic rock was originally igneous or sedimentary. 

Agencies of Metamorphism. — How do igneous and sedimen- 
tary rocks become metamorphosed? Brief mention will now be 
made of the p rincipal agencies of metamornhi sm.^tl ^g^^dg a 
particularly water on and in the earth, are often effective ageSfsm 
alteration of rock material by dissolving it, after which it may 
crystallize in new mineral combinations. 
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Various gases and vapors, especially those which escape from 
molten masses into surrounding rocks, often effect important 
chemical changes and rearrangements of mineral matter in 
rocks. 

Heat is an important metamorphic agency. By it hquids and 
gases are rendered much more active. It helps to alter the com- 
position of many minerals, and to bring into existence new ones, 
A sedimentary rock mass may be metamorphosed by heat along 
the border of a molten mass which is intrusive into the sediment 
A rock mass may be heated not only by a hot, igneous body, but 
also by deep burial within the generally heated crust of the earth. 



Fig 32 

A specimen of crumpled schist. (Photo by the 
author ) 


Some heat may also result from disturbances of the crust due to 
shrinkage of the earth. 

LaUral pressure is a very important agency of metamorphism 
of bott Igneous anS sedimentary rocks. We shall learn in another 
chapter that the crust of the earth is, and has been, in many 
places subjected to tremendous stresses and compressive forces 
due to earth shrinkage, causing rocks to be bent, mashed, sheared, 
fractured, and often locally crumpled into mountain ranges. 
Mineral grains or rock fragments may thus be crushed or flattened; 
mineral rearrangement may take place; and the rock structure 
and texture may be greatly changed. 

Zjgw ward pressure e xerted upon deeply buried rocks, particu- 
larly sedimehts, aided % the heat of the earth’s interior, and often 
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by water or other liquid, is probably another important factor in 
the transformation of rocks. 

In some cases the agencies mentioned may operate only very 
locally, causing local metamorphism, while in other cases they may 
brmg about great changes over extensive areas, causmg regional 
metamorphism. 

Minerals and Structures of Metamorphic Rocks. — Relatively 
few common minerals make up the great bulk of metamorphic 
rocks. Chief among them are quartz, the feldspars, the micas, 
the amphiboles, the pyroxenes, calcite, and dolomite. Most 
igneous and metamorphic rocks are similar in regard to their 



Fig 33 

An outcrop of schist. Hoosac Mountain, 
Massachusetts (Photo by the author.) 


distinctly crystalline appearance, but they are unlike in that the 
r netamorphic rocks us ually have a paralleL structure or arrange- 
ment of ..mijaferal grainsTolten resemblir^ stratification. In some 
cases* this structure is parallel to original bedding of strata, but 
more often it is not. It should be kept in mind that not all igneous 
and metamorphic rocks are crystalline, and that not aU metamor- 
phic rocks possess a parallel structure. Such cases are, however, 
relatively exceptional. 

Fnliat'^on is the arrangement of the mineral constituents of a 
metamorphic rock with their long axes more or less parallel, thus 
csy^mj^the rock to have a parallel structure. It is a secondary 
stnrcture, that is, it is developed in the original rock mainly by 
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pressure after the rock was formed as such. A rock possessing 
fohation is called a foliate. Well-developed foliation causes 
cleavage, that is, a tendency for the rock to spht m layers parallel 
to the fohation. Well-developed foliation m a very fine grained, 
not obviously crystalline, rock is called slaty cleavage, well illus- 
trated by conunon roofing slate. AJjnghly crystalline rock with 
an excellent foliation (or cleavage) is call ed a schist (Fig. 33). 



Fig. 34 

A specimen of granite gneiss. (Photo by the 
author.) 


A rock with crudely developed foliation is called gneiss (Fig. 34). 
The term gneissoid may be applied to an igneous rock in which a 
crudely developed foliated structure is developed during _the 
consolidation of the magma. 

Kinds of Metamorphic Rocks. — T he met axnorphio- -rocks 
are, on- aeeeu n t r-of 4heir complicatod nature and origin, difiScult, 
ifjPiPt impossifeleT^G classify satisfactorily. The following table is 
a grouping of the most important types of metamorphic rocks on 
the basis of their origin and general structure. 
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Principal Kinds of Metamorphic Rocks 

a. Granite gneiss, dionte 
gneiss, etc. 

b Gneissoid granite, gneissoid 
dionte, etc. 

c. Some hornblende schist and 
gneiss (or amphibohte) . 

d. Some slate. 

2 Non-fohates /Sen>entine, soapstone, altered 
' lavas, etc. 

a. Mica schist and gneiss. 

5. Hornblende schist and gneiss 
(or amphibohte). 

c Quartz schist. 

d. Conglomerate gneiss and 
schist. 

e. Marble gneiss and schist. 

/. Most slate. 

a. Quartzite. 

6. Marble. 

c. Anthracite. 

d. Certain contact metamor- 
phic rocks. 

III. Various Gneisses and Schists — some formed by magmatic injection, 

and some of unknown origin. 

IV. Weathered Rocks, Residual Soils, etc. 

With some brief explanations, rock types listed in the above 
table may be readily understood. Igneous rocks which have their 
foliation impressed upon them after complete solidification of the 
magma may be named gramte gneiss or schist^ etc., according to 
the kind of igneous rock involved. Those whose fohation develops 
during the process of solidification of the magma may be named 
gneissoid granite, gneissoid dionte, etc., according to the kind of 
rock. Some hornblende schist (or amphibohte) is simple foliated 
hornblende-rich igneous rock. Some slate is igneous rock with a 
typical slaty cleavage. Among the non-foliated, igneous, meta- 
morphic rocks, serpentine and soapstone are chemically highly 
altered gabbro, peridotite, etc., and some lavas have also been 
notably altered chemically. 
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Many names have been applied to various foliated sedimentary 
rocks. Thus mica or hornblende schist and gneiss are thoroughly 
crystaUine foliates rich in the particular minerals mentioned. 
Both of these minerals may occur in the same rock, usually also 
with feldspar. They are mainly foliated shales. Quartz schist is 
foliated, impure sandstone often containing mica. Conglomerate 
gneiss is simply fohated conglomerate, and marble gneiss is simply 
foliated impure Kmestone. Most slate is fohated shale with 



Fig 35 

A specimen of gabbro-granite injection 
gneiss. (Photo by the author.) 


highly developed slaty cleavage but with very little crystalliza- 
tion. Among the non-foliated metamorphosed sedimentary rocks 
are quartzite, a rather massive rock derived from rather pure 
sandstone; marble, derived from limestone; anthracite, which is 
altered bituminous coal; and certain metamorphic rocks produced 
by the heat of magma near its contact with sedimentary rocks. 

Some of the various gneisses and schists mentioned in the 
third subdivision of the above table are formed by more or less 
intimate penetration or injection of any kind of rock by magma* 
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They may be designated by such terms as guartzite^ahhro injec- 
tion gneiss, or schist, gahbro-granite injection gneiss or schist, etc., 
according to the rocks involved. Various other gneisses and schists 
in this third subdivision may not be definitely known in regard to 



Fig 36 

An outcrop of banded gneiss Clinton 
County, New York (Photo by the 
author,) 

their igneous or sedimentary origin. They may be designated by 
rather non-commital terms such as granitic gneiss or schist, 
dioritic gneiss or schist, etc., according to their mineral content. 

The weathered roc^ are simply products of rock decay and 
disintegration. 


CHAPTER IV 


ROCK WEATHERING 

General Significance of Weathering 

All the materials of the outer or crustal portion of the earth 
are subject to ceaseless change. Under the action of the weather 
and other more or less closely related agencies, even the hardest 
and most resistant rocks crumble or decay in the course of time 
(Figs. 37, 45, 48, and 52). Weathering effects are, as a rule, 
scarcely noticeable during the ordinary span of a human life, but, 
during the eons of geological time, weathering processes have been 
relentlessly at work upon the surface and near-surface portions of 
the earth, causing such tremendous quantities of rock material 
to be broken up and decomposed that the lands have been pro- 
foundly affected. In fact, most of the materials by far which 
make up the vast bodies of sedimentary rocks are products of 
rock weathering which have been transported from their places 
of origin. 

In its earlier application, the term weathering usually included 
only the direct action of the weather or atmospheric agencies upon 
rocks and minerals, causing them to break up or decay. According 
to present usage, weathering comprises all processes, such as 
mechanical action of temperature changes, freezing of water, 
organisms, rain water, and lightning, and the chemical action of 
atmospheric gases, water, and organisms, whereby rocks at and 
near the earth's surface break up, decay, or crumble. Even as 
thus broadly defined, the direct action of the weather is the most 
important factor in the complex set of processes called weathering. 


Rate of Weathering 

The rate of weathering depends upon the nature of the rocks, 
and the kinds and conditions of the weathering agents which 
operate upon them. It is a matter of common knowledge that 
many stone buildings and monuments show marked effects of 
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weathering. An excellent case in point is Westminster Abbey in 
London which was built of weak, rather porous stone in the 
thirteenth century. Many of its outer stones are badly weathered, 
some of its ornamental, carved parts having been reduced to 
shapeless forms. Many of the exterior carvmgs of soft limestone 
of the Louvre in Paris are also badly weathered. Inscriptions on 


many tombstones and monuments only one or two centuries 


old are often nearly, or 
quite, illegible, due to 
weathering. Weather- 
ing is, however, much 
less rapid in the case of 
hard, resistant rocks. 
Thus, even the polished 
surface of a very resist- 
ant rock, like granite 
or quartzite, may be 
preserved for many 
years although exposed 
to very vigorous and 
changeable weather 
conditions. There are 
ways of estimating that 
many thousands of years 



Fig 37 

Granite broken up by frost action Summit 
of Long^s Peak, Colorado, at an altitude of 
14,255 feet. (Photo by the author.) 


are required for enough weathering to develop a soil a few feet 


thick from (and resting upon) a hard rock like granite (Fig. 62 ). 


Mechanical Weatheeing 

Broadly considered, there are two general processes of weather- 
mg — one mechanical, and the other chemical. In mechanical 
weathering the rock breaks up or crumbles with little or no change 
in the composition of the material. It is essentially a physical 
process of disintegration. In chemical weathering the composition 
of the rock or mineral matter is more or less altered during its 
breaking up. It is essentially a process of decay or decomposition. 
Although the processes of disintegration and decomposition may 
be thus distinguished, nevertheless the two processes very com- 
monly operate together in nature, now one and now the other 
being predominant. 
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Freezing and Thawing of Water. — Not only in cold countries, 
but also in the mountains of regions with generally mild climates, 
alternate freezing and thawing of water is an effective agency in 
breaking up rocks, especially where soils are absent or very thin. 
Most relatively hard rocks contain not only numerous natural 
fractures called joints (see page 118) which separate them into 
more or less distinct blocks, but also small crevices, fissures, and 



Fig 38 

Exfoliation of granite on the north face of Long's Peak, Colorado. 
(Photo by the author ) 


pores. Surface water may fill such openings. Such water expands 
about one-tenth of its volume on freezing, and exerts the tremen- 
dous pressure of over 2000 pounds per square inch upon the walls 
of the opening or fissure. If the rock is favorably situated, the 
pressure will widen the opening a httle. Repeated freezing and 
thawing of water which finds its way into such openings finally 
causes even the hardest rocks to be mechanically broken up into 
smaller and smaller fragments. Jointed rocks situated op the 
faces of cliffs and steep slopes are especially subject to such action, 
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as are also jointed or fissured boulders, pebbles, and even soil 
particles. 

Temperature Changes. — Changes of temperature, producing 
expansion and contraction of rocks and minerals, are very im- 
portant agents of mechanical weathering. The principle involved 
is that all parts of a rock mass do not expand and contract at 
equal rates when subjected to temperature changes, and so 
stresses are set up which cause the rock to break. Such effects 
are most conspicuous on high mountains (Fig. 38), and on deserts 
not only because rocks are there generally barren, but also because 
a daily range of 50 to 
over 100 degrees in tem- 
perature is frequent. 

In many deserts the 
outer portions of rock 
ledges and boulders ex- 
posed to the rays of the 
sim are heated to tem- 
peratures of 100° to 
150° during the day 
and, therefore, expand, 
but during the night 
the temperature com- 
monly falls 50° to 100°, 
and the outer portions 
of the same rocks con- 
tract notably. Such 
rapid changes, causing 
repeated strains of this 
kind between the outer and inner portions of the rocks, finally 
cause the latter to break just as cold glass breaks when plunged 
into hot water. Most rocks consist of two or more kinds of 
minerals, each of which expands at a different rate, and so 
additional, minor stresses and strains are set up, tending to pull 
apart the minerals and disrupt the rocks. 

When, due to rapid temperature changes, the outer portions 
or surface layers of rocks peel, or scale, off in slabs or sheets, the 
process is called exfohahon. Rock surjfaces tend to round off by 
tjuis. process, excellent examples being Stone Mountain in Georgia 
(Fig. 40), and many of the high mountains of the central and 



Fig 39 

Exfoliation of granite at the top of Half Dome, 
Yosemite Park, California. (Photo by the 
author.) 
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southern Sierra Nevada Range in CaKfornia (Fig. 316). The 
principle of exfohation is much like that which causes so-called 
spalling of stones in buildings during fires, particularly when 
cold water is thrown on the hot surfaces. Spalling is wonderfully 
illustrated in the ruins of the famous Rheims Cathedral. 

Mechanical Action of Organisms. — Both directly and in- 
directly, plants and animals accomplish considerable work of rock 



Fig 40 

Stone Mountain, Georgia, rounded off by exfoliation. 

(After Hillers, U. S. Geological Survey.) 

disintegration. Roots and trunks of plants, especially of the 
higher forms, like trees, insert themselves in rock crevices and 
cracks, and as they grow they exert a powerful force, often suffi- 
cient to wedge the rock apart. Repetitions of this wedgework 
process often cause the rock to be broken into small fragments. 
Various rootless plants, such as lichens, attach themselves to rock 
surfaces and loosen off rock particles as they grow. 

Indirect actions are the overturning of trees, causing relatively 
fresh rock materials to be brought to the surface and better ex- 
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Fig 41 

The Royal Arches, Washington Column, and Basket Dome in Yosemite 
Valley, Califorma, sculptured by exfoliation. (Courtesy of the U. S. 
Reclamation Service ) 

posed to weathering agents, and the successive growths of roots, 
causing the soil to be made more open and accessible to weathering 
agents. 
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Burrowing animals, such as earthworms, ants, gophers, ground 
squirrels, and woodchucks, aid the action of weathering agents 
both by bringing fresher materials to the surface and by allowing 
more ready access of such agents to the surface materials. Earth- 
worms perform a remarkable work of soil disintegration. They 
pass soil through their bodies in order to extract the vegetable 
matter from it, and in this way the bits of soil are ground up into 
still finer particles. It has been estimated that, in humid, tem- 
perate regions, the many thousands of earthworms per acre com- 
pletely work over a soil 
layer from six inches 
to a foot thick once 
every half-century. 

Action of Rain, 
Wind, and Lightning. 
— Mechanical weather- 
ing is accomplished in 
some measure on rela- 
tively loose rocks and 
soils by the impact of 
raindrops and by the 
force of the wind, 
whereby rock frag- 
ments are loosened 
from their positions. 
Lightning often shat- 
ters rocks in regions where electrical storms are frequent, but 
its total effect is relatively small. 



Fig 42 

A ridge of granite crumbling under hot, arid- 
chmate conditions West side of Coachella 
Valley, Cabforma (Photo by the author ) 


Chemical Weathering 

Solution. — Most rocks are only very slightly and slowly 
affected by the solvent action of perfectly pure water. Such 
water is, however, not found in nature because certain gases, 
particularly oxygen and carbonic acid gas, are always dissolved 
m it, causing the solvent power of the water to be notably in- 
creased. Pure limestone is slowly, but completely, soluble in such 
water, and the dissolved matter is carried away by streams. In 
an impure limestone, only the impurities tend to remain. When 
rocks, whose mineral grains are cemented, or held together, by 
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limy material, are subjected to the action of carbonated water, 
the limy material is dissolved and carried away, and the sand 
grains are left. Thus the rock crumbles Many waters have their 
solvent power increased by the presence of other acids obtained 
from decomposing organic matter, volcanic gases, etc. Natural 
waters thus charged with oxygen, carbomc acid gas, and other 
acids attack and dissolve minerals with greatly varying degrees of 
effectiveness. If even only one kind of mineral in a rock is but 
slightly dissolved, the adhesion of the mineral grams is lessened, 
and the rock tends to 
crumble. Some min- 
erals are exceedingly 
resistant to solution 
Thus quartz is only 
slowly soluble even m 
hot, alkaline water. 

Such common minerals 
as gypsum and calcite 
are more or less readily 
soluble in hot, carbon- 
ated water. Salt is of 
course easily soluble in 
cold water. 

Carbonation, Oxi- 
dation, and Hydration. 

— Carbonic acid gas, 
which occurs in air, water, and soil, has the power of chemically 
umting with, and altering the composition of, certain minerals of 
rocks. Thus many rocks contain the chemical elements calcium 
and iron with which carbonic acid gas may combine to form 
carbonates of calcium and iron. Such a process is called carbonor 
lion. The resulting carbonates are readily taken into solution 
and carried away by water, thus causing the rocks to crumble. 
A slow, but very important and widespread, process of this kind 
is the alteration of the very common mineral feldspar by car- 
bonated water to kaolin (or clay) , silica (or quartz) , and a soluble 
carbonate. This action takes place during the decomposition of a 
hard, resistant igneous rock, like granite. 

Oxygen occurs in air and soil, and dissolved in water. It is a 
very important chemical agent of decay of many rocks and 



Fig. 43 

A ledge of granite showing how joint cracks 
aid weathering Near Lone Pine, California. 
(Photo by the author.) 
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minerals. The process of oxidation consists in the chemical union 
of oxygen with any chemical element, as very often happens with 
the iron contained in such common minerals as pyrite, biotite- 
mica, hornblende (an amphibole), and augite (a pyroxene). The 
familiar rusting of iron involves oxidation, that is, a chemical union 
of the iron with oxygen of air or water. 



Fig 44 

A growing tree splitting a boulder of granite. Custer County, South Dakota. 
(Courtesy of the U. S. Forest Service ) 


The process of hydration consists in the chemical union of water 
with certain compounds. The principle is well illustrated by the 
rusting of iron which, on exposure to air and moisture, first unites 
with oxygen to form iron-oxide, and then unites with water to be- 
come yellow or brown hydrated iron-oxide (the so-called rust '0* 
Many rocks contain iron not as such, but in chemical combination 
with other elements. When such iron-bearing minerals in rocks 
are subjected to the action of oxygen and water, the iron very 
commonly unites with both oxygen and water to form various 
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hydrated iron-oxides, ranging in color from yellow to reddish 
brown. Many of the striking colors of great rock formations of 
the earth have thus been produced. An excellent, large-scale 
example of gorgeous coloring so produced is the Grand Canyon of 
Yellowstone Park whose iron-rich lava rock has been highly 
decomposed. 



Fig 46 

Spheroidal weathering in lava Griffith Park, Los Ai^eles. 

(Photo by the author ) 

Carbonation, oxidation, and hydration are all very important 
factors in the chemical weathering, or decomposition, of rocks. 
Increase in volume of the rocks affected is caused by all three 
processes, and the stresses and strains which develop as a result 
of volume increase tend to cause the rocks to crumble. In some 
cases the resulting materials, such as carbonates, are dissolved 
and carried away by water, thus increasing the porosity, and 
lessening the strength of the rocks affected. 

Chemical Action of Organisms. — Bacteria are very abundant 
not only in soils, but also on bare rocks. One group has the 
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remarkable power of forming nitric acid from certain constituents 
(especially ammonia) of air, water, and soil, and this acid attacks 
and alters various minerals. Decaying plants, as well as roots of 
living plants, produce carbonic acid and other acids which alter 
the composition of various minerals m rocks. 

Certain animals also bring about chemical weathering. Thus 
the soil particles which are worked over and carried by ants and 
earthworms are acted upon by organic chemical agents or acids 
secreted by these animals. 

Spheroidal Weathering. — When water containing dissolved 
gases enters a rock mass (particularly one which is fine grained 
and homogeneous), which is divided into rectangular blocks by 
fissures, such as joint cracks (Fig. 96), the solutions work their way 
along the cracks and attack all surfaces of the rock with which 
they come into contact, and there cause decomposition which 
slowly eats into the blocks of solid rock. Not only do the edges, 
and still more so the corners, have greater surfaces exposed to the 
solutions, but also they are attacked from two or three directions 
at once with hkelihood of being affected by the strongest solutions. 
The corners of the blocks of rock will, therefore, most rapidly be 
weathered, the edges next most rapidly, and the faces least. The 
new substances thus formed by oxidation, hydration, and carbona-* 
tion are greater in volume than the unaltered material, and so 
“ strams are set up which tend to separate the bulkier new material 
from the core of unaltered rock. . . . The squared block is by this 
process transformed into a spheroidal core of still unaltered rock 
wrapped in layers of decomposed material, like the outer wrappings 
of an omon ” (Hobbs) They are usually embedded in thoroughly 
decomposed material. The process described is called spheroidal 
or concentr'ic weathering j and the resulting boulders are called 
boulders of decomposiUon (Fig. 45). It is to be noted that they 
are produced mainly by chemical weathering, whereas boulders 
of exfoliation result from mechanical weathering. 


Accumxjlations of Pkodxjcts of Weathering 

Talus, — A mass of rock fragments of various sizes and shapes 
resulting from the weathering of a cliff or steep slope, and lying 
at the base of the cliff or slope is called talus. Temperature changes 
(exfoliation), and freezing and thawing of water in cracks, are the 
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principal weathering agents which produce talus material. As the 
fragments are loosened from the cliff or steep ledge they fall, 
shde, or roll down until the angle of slope is too low for them to 
continue. The angle of slope of a talus pile generally ranges from 
about 25° to 40°. The tendency is for the largest blocks of rock 
to accumulate toward the bottom of a talus slope because the 
momentum carries such 
masses farther. In moun- 
tainous regions of severe 
climate with great and 
rapid changes in tempera- 
ture, the conditions are es- 
pecially favorable for large 
accumulations of talus, 
such deposits attaining 
lengths and depths of 
hundreds, or even thou- 
sands, of feet (Figs 46, 47, 
and 48). 

Boulder Fields Due to 
Weathering. — In many 
high mountains above the 
tree line, and in the Arctic 
regions, great, barren, fiat, 
or only moderately slop- 
ing, rock surfaces are sub- 
jected to unusual rapidity 
of rock destruction mainly 



by frost action, that is 
alternate freezing and 
thawing of water in cracks 
proceeds with such rapid- 


Fig 46 

Lava cM and talus slope near Northamp- 
ton, Massachusetts (Photo by the 
author ) 


ity that the surfaces are 

often almost or completely buried under masses of shattered and 
broken-up rock. Such rock fragments, which are generally an- 
gular in shape, may cover the bed rock from which they were 
denved to depths of 5 to 20 feet, or more. Boulder fields of such 
origin are wonderfully displayed at and near the tops of both 
Long’s Peak and Pike’s Peak in Colorado at altitudes of 12,000 to 
over 14,000 feet (Fig. 49). 
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In many boulder fields caused by weathering, the boulders are 
more or less rounded (Fig. 50). Fields of such boulders may re- 
sult primarily from mechanical weathering Conditions are most 
favorable for their development in relatively dry and high regions 
not only because the process of exfoliation is ttoe very effective 
in rounding off the original angular blocks of rock, but also because 
the winds tend to keep the finer products of weathering blown 



Big. 47 

A cliff of jointed lava and talus slope Crater Lake, Oregon. 
(Photo by J. S. Differ, tJ. S. Geological Survey ) 


away from between the boulders, thus keeping the bare surfaces 
of the latter constantly exposed to the weather 

Fields of rounded boulders may also result primarily from 
chemical weathering Thus, the body of bed rock may be attacked 
much more vigorouMy by agents of decomposition along cracks, 
fissures, or more porous parts than it is in its more solid portions 
between the cracks or porous parts. There also may be local 
portions of the bed rock which are harder or more resistant to the 
weathering agents than the general body of the rock. In either 
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case, the tendency is for more or less rounded blocks of relatively 
fresh rock (Fig. 61) to accumulate m the midst of highly decom- 
posed material. Removal of the decomposed material by rain, 
streams, or wind will tend to leave an accumulation of the boulders 
at the surface. Some of the boulders in this category are boulders 
of decomposition already described as resulting from spheroidal 
weathering. 



Fig. 48 

Crumbling bed rock (upper right) and talus slope. Glacier Park, Montana. 
(Photo by the author.) 


Mantle Rock, — Most of the lands of the earth are covered by 
a superficial layer of loose, earthy material called mantle rock 
which, wherever it occurs, rests upon the bed rock of the earth's 
crust. 'Where the bed rock is exposed at the earth's surface it is 
said to outcro'p. There are two important kinds of mantle rock. 
One is the mantle rock which now rests upon the bed rock just 
where it was formed through the processes of weathering, that is, 
it is residual marUle rock, representing a direct accumulation of 
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weathered rock material. The other is mantle rock which has 
been carried to its present position upon the bed rock, mainly by 
water, wind, or glaciers, that is, it is transported mantle rock, repre- 
senting an indirect accumulation of material mostly made up of 
products of weathering. Our present concern is chiefly with the 
residual rock mantle, while transported mantle rock is treated in 
several of the succeeding chapters The residual mantle does not 
rest by sharp contact upon the bed rock, but rather it grades 



Fig. 49 

A field of granite boulders resulting from frost action on north side of Long’s 
Peak, Colorado (Photo by the author) 

downward through partly weathered rock into unweathered rock. 
The transported mantle rock rests characteristically by sharp 
contact upon the bed rock from which latter it usually differs 
notably in composition. Although the processes of weathering 
are universal and unceasing in their action over all the lands, 
nevertheless there are many places where conditions favor removal 
of the products of weathering fully as fast as they are formed, 
and so bare rock surfaces are left exposed. 

The very widespread mantle rock is of great geological im- 
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portance in several ways. Most of the vegetation of the land for 
countless ages has grown in its upper portion. It is the chief source 
of supply of the sediment carried by streams, and thus a great aid 
to erosion as we shall learn in a succeeding chapter. As an actual 
mantle it greatly retards the rapidity of weathering of the bed rock 
underneath it. 

Soils. — The soils of the world are either directly or indirectly 
very largely the products of rock^weathering. To a very minor 
extent soils result from vegetation. In the strict sense of the 
word, soil IS the relatively porous, fine grained, upper portion of 
the mantle rock containing an admixture of vegetable matter, and 
capable of supporting plant life. The term is, however, often 
used rather loosely. 

Just as we distinguish 
two general kinds of 
mantle rocks, so we 
must recognize two 
kinds of soils, namely, 
residual and trans- 
ported. Residual soils 
here claim our chief 
attention because they 
are direct accumula- 
tions of products of 
weathering 

Residual soil, with 
its admixture of de- 
composing vegetable 
matter causing it to 
have a more or less dark color, always grades downward into 
subsoil which usually contains fragments of partly decayed rock 
but little or no vegetable matter. The subsoil in turn passes by 
imperceptible change downward into partly decayed, so-called 
rotten rocky and this latter finally grades into the underlying, 
unaltered, so-called fresh rock. These various stages are well 
illustrated by Fig. 52. 

Residual soils are very extensively developed in the southern 
states of the United States, and transported soils, left by the great 
glacier of the Ice Age, are very-widespread over the northeastern 
states. True soils are usually not more than a few feet thick, but 



Fig 50 

Boulders of weathering Imperial V alley, Cali- 
fornia. (Photo by the author.) 
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soil plus subsoil and rotten rock may be scores, or exceptionally 
hundreds, of feet thick. 

Considering the large number of different minerals and rocks 
which give rise to soils, and the varying conditions under which 
the materials are weathered, it is not surprising that there are 
many kinds of soils. In fact, probably no two soils from reasonably 



Fig, 51 

Rotten granite contaming relatively fresh residual cores. Near 
Northampton, Mass. (Photo by the author.) 


separate regions are just alike. Only a few of the more general 
soil types will be mentioned briefly. Thus, clay consists very 
largely of exceedingly finely divided kaolin. Sand is composed of 
sand grains, mostly quartz. Loam is a mixture of sand and clay. 
Muck is a very dark soil exceedingly rich in decayed vegetable 
matter. Marl is a soil rich in limy material, that is, in carbonate 
of lime. These very common kinds of soils show all sorts of gradar 
tions into each other. 


Fig 52 

Fresh granite (at bottom) grading upward through rotten rock and subsoil 
into true sod. Washmgton, D.C. (After G. P. Merrill, U. S. National 
Museum.) 
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Movements op Weatheeed Pkoducts 


We shall now briefly consider some of the ways by which 
products of weathering are moved from their places of origin. 

Attention has already been called to the accumulation of talus 
by the falling, rolling, and sliding of rock fragments which are 
loosened by weathering from cliffs and steep slopes. Closely 



Fig 63 

Differential weathering of hard sandstone (overhanging) and soft shale. 
Near Northampton, Massachusetts. (Photo by the author.) 

related to this action is the movement of rock debris in so-called 
rock glaciers or “ stone rivers '' under certain conditions of cold 
climate. These are great masses of talus hundreds or even 
thousands of feet long, which slowly move down mountain sides 
or steep valleys, as in parts of Colorado. Externally they give 
somewhat of the appearance of a glacier. The motion results from 
gravity aided by alternate freezing and thawing of water which 
fills the spaces between the rock fragments. 

Soil creep is a common process by which mantle rock and soil 
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move down slopes. When water-charged soil freezes, the rock frag- 
ments are lifted somewhat by the expansion at right angles to the 
slope or surface of the hill or mountain. On thawing, the rock frag- 
ments are pulled down vertically by gravity, and thus they move 
downhill a little. Repetition of this process causes the whole soil 
mantle to slowly move or “ creep down the slope. 



Fig 54 

Effects of weathering and erosion of red sandstone. Garden of the Gods, 
Colorado. (Photo by the author.) 


Sudden movements of masses of rock debris down mountain- 
sides or hillsides are called landslides. Among various causes of 
such movements are earthquake shocks; undercutting of the 
masses of debris by streams, thus weakening the support toward 
the bottom; and saturation of the mass with water, thus increasing 
its weight and lessening the friction of the rock fragments. In 
many cases not only the soil or mantle rock, but also much bed 
rock of a mountainside, takes part in a landslide. This happened 
at Frank in Alberta, Canada, in 1903, when the whole face of a 
mountain several thousand feet high suddenly gave way, caus- 
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ing about 40,000,000 cubic yards of rock material to rush down 
into, and partly across, a valley (Fig. 133). Landslides are com- 
mon, and many disastrous ones have occurred. Avalanches of 
snow also often carry much rock debris down with them. 

Water, wind, and glaciers are by far the greatest agents of 
transportation of mantle rock, including soil. Water is most 
effective in humid regions; wind in arid regions; and glaciers in 
cold regions. All of these are very important geologically, and 
they are dealt with at some length in succeeding chapters. We 

shall here merely men- 
tion a few of the most 
important processes 
and ejSfects involved. 

By the direct ac- 
tion of rain wash, loose 
materials not too thor- 
oughly protected by 
vegetation are carried 
from higher to lower 
levels. Streams carry 
tremendous amounts 
of sediment from 
higher to lower levels, 
the general destination 
being the sea. Much of 
the sediment is washed 
directly out of the mantle rock, but a considerable quantity is 
developed through the erosive action of the streams themselves 
as explained beyond. Much sediment is deposited temporarily 
on valley floors and becomes allumum, especially on flood plains 
during floods. Some stream-carried sediment is deposited in 
lakes, and much of it forms delta plains, and more widespread 
deposits, in the sea at or near the mouths of the streams. 

Large quantities of dust, soil, and small rock fragments are 
carried by wind. Two important types of transported mantle 
rocks originating in this way are dune sand and loess (see pages 
268 and 273). 

Both valley glaciers and ice sheets (or continental glaciers) 
transport large quantities of rock debris. Thus, the vast glacier, 
which slowly moved over most of northern North America during 



Fig 55 

Differential weathering and erosion of vertical 
strata Devil’s Slide, Weber Canyon, Utah 
(Photo by the author ) 
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the Ice Age, carried along and deposited so much rock debris that 
it is now by far the most common mantle rock and soil over the 
central-northern and northeastern states of the United States. 



Fig. 56 

Volcanic tiiff intricately weathered and eroded Wheeler National Monu- 
ment, Colorado. (Courtesy of the U. S. Forest Service.) 


Sculpturing Effects of Weathering 

Effects of Differential Weathering. — Most rock masses are 
not uniform in composition, texture, and structure. Some portions 
are, therefore, more readily attacked by agents of weathering than 
others, so that they are eaten into or etched out, while the more 
resistant parts are left to stand out in rehef . All such cases of un- 
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equal weathering of rock masses are referred to as differential weath- 
ering. Such unequal weathering is a very common phenomenon to 
be observed in exposed bed rock almost anywhere. A few examples 

will suffice to make the 



Fig 57 

A remarkably balanced rock resulting from 
unequal weathering Near La Veta, Colorado 
(Courtesy of the IJ S. Forest Service.) 


principle clear. 

Limestone or limy 
sandstone is particu- 
larly likely to become 
honeycombed, deeply 
pitted, or fluted where 
agents of weathering 
etch out the weaker 
and more soluble por- 
tions (Fig. 227). 

Where a rock mass 
of any kind is tran- 
sected by natural 
cracks called joints (see 
page 118), the tendency 
is for the cracks to be- 
come enlarged while 
the intervening masses 
of rock stand out more 
and more separately in 
relief. Where vertical 
joints cross-cut each 
other in closely spaced 
groups, leaving rela- 
tively large non-jointed 
blocks of rock between 
them, the tendency 
often is for the weather 


to remove the jointed material and leave the solid cores which 
themselves become less angular under the action of the weather. 
Among many excellent examples are the Cathedral Spires in the 
Garden of the Gods, Colorado (Fig. 54), and the many wonderful 
natural monuments near Douglas, Arizona (Figs. 58 and 59). 
Great joint blocks only partly etched out are wonderfully displayed 
in the walls of Zion Canyon, Utah (Fig. 97) A most remarkable 
maze of joint columns occurs in Bryce Canyon, Utah (Fig. 164). 
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Where veins (p. 22) or dikes (p. 140) of hard materials inter- 
sect ledges of weaker rocks, the vein or dike material often stands 
out in bold relief m the midst of the etched out general body of 
weaker rock (Fig. 122) 

Rock formations 
which are arranged in 
layers (usually strati- 
fied) often possess 
variable degrees of re- 
sistance to the weather. 

Where such rocks are 
in horizontal position 
or gently inchned, the 
tendency is for the 
more resistant layers 
to form chffs, or even 
overhanging ledges, 
while the weaker layers 
crumble down to talus 
slopes. Such differ- 
ential weathering is 
grandly displayed in the 
Grand Canyon of Ari- 
zona (Fig. 163). If the 
rock layers are steeply 
inclined or vertical, 
the tendency is for the 
more resistant layers to 
stand out in relief as 
sharply defined ridges 
(Figs. 307 and 308). 

It is evident, from 
what has been said, 
that differential weath- 



Fig 58 


ering plays an impor- Joint columns resulting from weathering of 
taut part in the detaUed 

lx- r XU 1 j (Photo by J J. Armstrong ) 
sculptunng of the land. 

Many of the more striking, minor features of landscapes, such as 
jagged peaks, pinnacles, ridges, and chffs, have been so sculptured. 
Acting alone, however, differential weathering cannot proceed 
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very far because the weathered products must be removed (eroded) 
by some agent such as wind or running water in order that new 

surfaces of the rock 
may be exposed to the 
sculpturing processes. 

Sculpturing Effects 
of' Exfoliation. — The 
modes of origin of 
boulders by the me- 
chanical weathering 
process of exfoliation 
and the chemical proc- 
ess of spheroidal weath- 
ering, and also the 
manner of accumula- 
tion of such boulders 
into boulder fields 
have already been 
explained. There re- 
mains for brief con- 
sideration the more 
important topographic 
influence of exfoliation 
in the production of 
rounded or dome 
structures in rock 
ledges, hiUs, and even 
mountain peaks which 



Fig, 59 

A pedestal rock resulting from weathering of 
rhyolite. Near Douglas, Arizona (Photo 
by J. J. Armstrong ) 


may be called exfolia- 
tion domes- Hard, 
homogeneous rock 
masses, like granite 
with vertical joint 


cracks widely spaced, are, when exposed to rapid and great tem- 
perature range, exceptionally favorable for the development of 
large-scale exfoliation domes because the rock scales off in large 
slabs up to several feet thick, and scores or hundreds of feet wide 
and long. As the successive slabs peel off the rock masses grad- 
ually become more curved or concave, thus giving rise to curved 
surfaces and dome structures. Excellent examples are Stone 
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Mountain, Georgia (Fig. 40), and various mountains of Yosemite 
Park, California (Fig. 41). Where several sets of joints are closely- 
spaced, and roughly at 
right angles to each 
other, the rock gener- 
ally breaks up (under 
the weather) idrst into 
rectangular blocks re- 
sembling crude ma- 
sonry (Pig. 96), and 
finally into a mass of 
boulders. Where only 
vertical joints are well 
developed, the rock 
tends to break up into 
jagged cliffs, ridges, 
and ne’edle-like sum- 
mits (Fig. 164). 

Valley Widening. — 

We shall learn in 
Chapter VII that most 
valleys owe their 
depth, and in part 
their width, to the 
erosive action of the 
streams which flow 
through them. In 
most cases, however, 
the width of their up- 
per portions is due to 
weathering because, as 
a given stream cuts 
down and deepens its 
valley, the valley sides 
crumble under the 
action of the weather, 
and the resulting 
products move down 



Fig. 60 

A remarkable pedestal rock resulting from 
weathermg of rhyohte, and undergoing ex- 
foliation. Near Douglas, Arizona. (Photo 
by J. J. Armstrong) 


the sides in the various ways already explained. The top and 
upper portions of valleys become wider and wider until finally 
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the slopes are so gentle that the weathered products move down 
them very slowly 


Relation of Weathering to Erosion 

The term erosion comprises all the processes whereby the lands 
are worn down. More specifically, it involves the breaking up, 
decay, and transportation of materials at and near the earth^s 
surface by weathering and solution, and by the mechanical action 
of running water, waves, moving ice, or winds which use rock 
fragments as tools. The term “ erosion is one of the most 
important in the science of geology. It includes five processes as 
follows* weathering, corrasion, solution, pressure, and transpor- 
tation. Weathering j as just explained at some length, causes much 
rock material to be broken up and decomposed. It is a very im- 
portant process or factor of erosion. Corraszon consists in the 
rubbing or bumping of rock fragments of various sizes carried by 
water, wind, or ice not only against each other, but also against 
the general country rock, causing the latter to be worn away 
Solutiqn is the simple process of dissolving rock material, mainly 
by water. Pressure exerted upon country rock by water, wind, or 
ice may cause relatively loose portions of the rock, such as loose 
soils and joint blocks, to be pushed away. By transportation ^ 
through the agency of water, wind, or ice, all rock materials 
loosened by the other four processes of erosion are carried along. 
Corrasion, solution, pressure, and transportation are discussed 
more fully in their respective relations to the work of streams, 
wind, glaciers, and the sea in Chapters VII, VIII, IX, and X. 



CHAPTER V 


INSTABILITY OF THE EARTH’S CRUST 
DIA.STROPHISM 

Meaning of Diastrophism. — The outer shell of the earth is 
unstable. Overwhelming evidence establishes the fact that it 
has been so for many millions of years. To the geologist the old 
notion of a terra firma is outworn. The inhabitants of an earth- 
quake country could never have originated the idea of an un- 
shakable, immovable earth. Earth-crust movements may vary 
from those which are so slow as to be imperceptible to those which 
are quick and violent. They may be upward, or downward, or 
sidewise. They may affect only small, local areas, or they may 
involve a large portion of either a continent or an ocean basin. 
The general term diastrophism covers all actual movements of the 
earth's crust of whatever kind or degree. 

It is very important that the student should, early in his study 
of geology, be convinced of the fact that crustal disturbances 
(often profound ones) actually do take place, because this is one 
of the most fundamental tenets of the science. Sudden movements 
are, m the popular mind, more impressive and significant than the 
slow movements because they are more localized and evident, 
and frequently accompanied by destruction of life and property, 
as well as by obvious, though minor, changes in topography. 
Crustal movements which take place slowly and quietly are, 
however, often of much greater significance in bringing about 
profound physical geography changes, such as those which have 
affected the earth during its eons of recorded history. 

There are, in a general way, two types of diastrophism. In 
one type, known as epeirogemc movement^ there is either elevation 
or subsidence of a large or small portion of the earth's crust with- 
out notable compression or crumphng (folding) of the rocks, 
which latter may not have their former attitude changed, or they 
may become gently warped (upward or downward), or more or 
less tilted. Fracturing and dislocation (faulting) of the rock 
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masses often accompany such an epeirogenic movement which 
not uncommonly affects a considerable portion of a continent or 
sea floor. In the other type, known as orogemc movement, a 
relatively long, narrow belt or zone of the earth^s crust is subjected 
to a force of compression, causing the rocks (usually strata) to 
be more or less crumpled (folded) and upraised into a moun- 
tain range. Our present purpose is merely to call attention 
to the general nature of epeirogenic and orogenic crustal dis- 
turbances, both of which are of great geological importance. 
Their significance will be better understood after a study of 
succeeding pages of this book, particularly the chapters on 
Structure of the Earth^s Crust and Origin and History of 
Mountains.^^ 

Various geological agencies, such as weathering, winds, streams, 
glaciers, and the sea, operate externally upon the earth, their 
general tendency being to cut down (erode) the lands and carry 
their waste into the sea. Such agencies would, if not interfered 
with, completely level the lands and destroy the continents in the 
course of time. Geological research has made it certain that such 
external agencies have operated upon the earth for countless ages, 
and yet the continents have by no means been destroyed. This 
is because the external agencies are now, and have been through- 
out recorded earth history, opposed by forces operating from 
within the earth, that is by diastrophic forces. Through diastro- 
phism, elevation and recreation of lands have at least kept general 
pace with the external forces of destruction; ocean basins have 
sunk relative to continental areas, causing frequent withdrawals 
of sea water from areas temporarily submerged; and tremendous 
volumes of molten materials have been forced not only into the 
earth's crust, but also out upon its surface. Through lowering of 
land areas diastrophism has, in many cases, helped to destroy 
them as such, but on the average, diastrophic forces which up- 
build lands (relative to sea level) have predominated over forces 
which have lowered them. 

Datum Surface. — In land surveying the datum is the point, 
or horizontal line, or surface from which heights or altitudes of 
points or places are measured or reckoned. The geologist, for 
his study of the amount and rate of upward and downward move- 
ments of the earth's crust, must have some point, line, or surface 
as a datum. The sea surface is in general the most satisfactory 
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datum for it maintains an average tidal level (within narrow 
limits) throughout its vast extent. At the bottom of each topo- 
graphic map published by the United States Geological Survey 
there is a statement that “ datum is the mean sea level which 
means that all elevations recorded on the map are reckoned from 
the average tidal level of the sea. It should not, however, be 
assumed that the sea level is, and always has been, fixed and 
constant. Not only is it a somewhat warped or irregular surface 
at any given time, but also it may rise or fall very appreciably. 
In other words, it is not a perfect datum, as will now be briefly 
pointed out. 

It is well known that the earth is not a sphere, but rather a 
spheroid whose polar diameter is about 27 miles less than its 
equatorial diameter. Approaching the poles, sea level is, therefore, 
nearer and nearer the earth^s center, and so varies with latitude. 
It is also a warped surface because near lands, especially where 
large, high mountain ranges lie close to shore, the surface of the 
sea is drawn upward and toward the lands by gravitational 
attraction, and so it is disturbed. In extreme cases such distor- 
tion is to be measured by a good many feet, but the amount is 
exceedingly small as compared to the size of the earth. Trans- 
portation of sediment into the sea causes rise of sea level by 
displacement of the water. Sinking of a portion of the sea bottom 
causes lowering of sea level. Accumulation of ice through snow- 
fall to form great glaciers represents, in the main, water withdrawn 
from the sea, and hence a lowering of sea level, just as melting 
of such ice raises sea level. 

None of the variations of sea level above mentioned ever 
amount to more than a few hundred feet. When it is realized that 
such variations are very small as compared to the vast expanses 
of sea and land; that they take place very gradually; and that 
changes of level between land and sea are generally much greater 
and more rapid, it is clear that sea level is, after all, a good datum. 
The records of earth history reveal the fact that many great and 
small changes of level between land and sea have taken place. 
Among the minor changes it is often impossible to tell whether 
it was sea level or land, or both at the same time, which rose or 
fell. In such cases, therefore, terms like uplift and subsidence, 
or elevation and depression, as applied to lands are commonly 
used by geologists in a relative sense only. 
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Evidences of Elevation of Land. — Only a very few of the 
thousands of definitely known cases of change of level betweei] 
land and sea will here be briefly described. The examples are 
chosen to illustrate the more common principles involved. Some 
of these movements have taken place within the last few thousand 
years of clearly recorded human history, while others are much 
older, being records of the geological past. 



Fig. 61 

Part of the shore of Disenchantment Bay, Alaska, which was suddenly 
uplifted 47 feet at the time of the great earthquake m 1899. (After Tarr 
and Martin, U S. Geological Survey.) 

There are many authentic instances of moderate uplift of the 
land which have come under the observation of man A sudden 
diastrophic movement, resulting in a terrific earthquake, caused 
uplift of a part of the coast of Alaska near Yakutat Bay to a 
maximum of 47 feet in 1899 (Fig. 61). 

Direct measurements by observing marks along the Baltic 
shore have proved that most of Sweden (excepting its southern 
portion) has risen to a maximum of seven feet during the last 175 
years. 
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Old docks on the island of Crete in the Mediterranean Sea have 
risen as much as 27 feet within the last 2000 years. 

Several rock ledges which were at, or a little below, sea level 
hundreds of years ago in the Baltic Sea are now distinct islands 
well above the sea surface. 

About 100 years ago a portion of the coast of Chile rose 
abruptly several feet, causing a severe earthquake. 

Evidence from old elevated shore features, including so-called 
raised beaches,^' is very important. Thus, a succession of 
terraces cut by the waves of the Pacific Ocean are plainly preserved 
on the western face of the San Pedro Hills near Los Angeles, Cali- 
fornia. The highest 
and oldest of these ter- 
races is over 1000 feet 
above the sea, while 
the lowest, containing 
many sea shells, is 
about 100 feet above 
tide. A somewhat 
similar succession of 
terraces occurs on San 
Clemente Island, about 
50 to 60 miles oflf the 



southern California 
Coast (Fig. 62). Wave- 
cut terraces with rem- 
nants of rock not 


Fig 62 

A succession of elevated manne terraces, on 
San Clemente Island, California. (After 
W. S. Smith, U S. Geological Survey.) 


removed by the waves, occur well above sea level as illustrated by 
Figure 63. Sea caves formed by wave action are also above sea 
level in many places (Fig. 64). In Scotland such caves lie fully 
100 feet above tide water. Raised beaches and shore forms in 


well-preserved condition up to hundreds of feet above sea level 
are common in many other parts of the world, as for example 
Scandinavia, Labrador, west coast of South America, and the 
West Indies. Many of these raised beaches are notably warped 
or tilted, thus proving that actual earth-crust movements have 
taken place, and not merely a lowering of sea level. A good 
illustration of this principle is found in the valley of Lake 
Champlain where the water deposits formed since the Ice Age 
now lie hundreds of feet above the present lake level, their 
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altitude increasing northward at the rate of more than two feet 
per mile. 

Remains (fossils) of marine organisms at various altitudes up 
to many thousands of feet afford very strong evidence of uplift 
of land relative to sea level. There are almost countless numbers 
of examples. Thus, in the Rocky Mountains of the western 
United States and Canada sea shells occur in many places at 
altitudes of from one to over two miles (Fig. 2). The same is true 



Fig. 63 

Elevated marine terrace with remnants of rock which were not cut away by 
the ocean waves Near Port Harford, Califorma. (After G. W. Stose, 
XT S. Greological Survey) 

in many other mountain ranges. In Tibet and northern India 
(Himalayas) fossil marine organisms have been found at altitudes 
of from three to four miles. In many of these cases the marine 
fossils are in highly disturbed (folded) strata of geologically recent 
age. Furthermore, strata of the same geological age lie at all 
sorts of altitudes in different parts of the world. For these reasons, 
and in the light of what we have already learned regarding the 
sea level as a datum, it is evident that such great, often differen- 
tial, changes of level must be diastrophic rather than simply effects 
of lowering of the sea surface. 
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Well in the interior of continents, differential earth-crust move- 
ments are also known to have taken place. Thus high-level 
beaches of the vast ancestor of Great Salt Lake have been warped 
notably. Certain beach lines of ancestors of the Great Lakes have 
been tilted out of their onginal horizontal positions to the extent 
of hundreds of feet, since the Ice Age. 



Fig 64 

An elevated sea cave. Near Port Harford, California. (After G W. Stose, 
U. S Geological Survey ) 


Evidences of Subsidence. — Direct measurements have estab- 
lished the fact that the southern end of Sweden has sunk several 
feet during the last 175 years. This is of particular interest in 
view of the fact (as above stated) that the northern part of the 
same country has risen as much as seven feet during the same time, 
thus proving a case of differential diastrophic movement. 

In certain parts of Crete old docks have (as already stated) 
been raised as much as 27 feet above water, while in other 
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portions of the same island remains of similar structures are 
below sea level, thus proving differential crustal movement. 

Portions of the 
coast of Greenland 
have sunk recently, 
as proved by the fact 
that certain human 
structures are there 
below tide water. 

Submerged forests 
prove recent sinking 
of land in many parts 
of the world, excellent 
examples being around 
the coast of England, 
especially in Cheshire 
and Lancashire, and 
on the shores of the 
English and Bristol Channels, where numerous stumps of trees 
are well below tide-water level. 

A good example of rapid movement of portions of a region in 
opposite directions at 
the same time is the 
Yakutat Bay region of 
Southern Alaska in 
1899 where part of the 
coast suddenly rose as 
much as 47 feet, while 
another portion sank 
below tide level. 

Submerged valleys 
afford very strong evi- 
dence of subsidence, 

often to the extent of Fig. 66 

many hundreds of feet. The Champlain Sea stage of the Great Lakes hw- 
Thus the valley of the tory when the land stood hundreds of feet lower 

Hudson Eiver is very to-day. (After Taylor and Leverett.) 

clearly traceable by soundings across the floor of the sea for 100 
miles east of New York City (Pig. 67), proving that the earth's 
crust has there subsided fully 1000 feet since the valley was 




Fig. 65 

Two recently elevated marine terraces San 
Pedro HOls, Cahfornia (Photo by the author.) 
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carved out (eroded) by the river. Notable sinking of the land 
also has caused a flooding of the lower St. Lawrence Valley by 
tide water. San Francisco Bay was formed by geologically recent 
sinking of a portion of the Coast Range region, the Golden Gate 
marking the submerged channel of the combined Sacramento and 
San Joaquin Rivers. 

In the study of examples of earth-crust movements, it should 
be clearly understood that a single district may show plain 
records of both depres- 
sion and elevation. 

In such a case upward 
or downward move- 
ment may be suc- 
ceeded by movement 
in the opposite direc- 
tion. This principle is 
finely illustrated by 
the coast of Maine 
where the whole re- 
gion sank hundreds of 
feet in recent geologi- 
cal tune, allowing tide 
water to flood the 
mouths and lower val- 



leys of all the rivers, 
thus giying^se to thp 
deeply mdented^slTOTe 
line: — A.*' pafSaTTFe- 
elevation (of 100 to 


Fig. 67 

Map showing the submerged channel of the 
Hudson River. Figures show depth of water 
in fathoms. (By the author, data from Coast 
and Geodetic Survey.) 


nearly 200 feet) has taken place as proved by the clay deposits 


with marine shells along the coast, and for miles up the valleys. 


Cause of Diastrophism. — The fact of diastrophism is thor- 


oughly established. There is rather general agreement among 


geologists as to the proximate cause of diastrophism, but not in 
regard to the ultimate cause. The proximate cause appears to be 
unequal contraction, or shrinkage, of the earth. There is much 
evidence that the earth, or at least its outer (shell) portion, is 


heterogeneous, and that it has been shrinking for many millions 


of years. The fact that strata which, at various times and places, 
accumulated under water layer upon layer, in horizontal position, 
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to thicknesses of many thousands of feet, have been highly 
crumpled and folded into mountain ranges (see page 352) proves 

earth-crust shortening. 

In the development of 
a typical mountain 
range by this process, 
the crustal shortening 
is commonly 5 to 20 
miles or moie 

A general concep- 
tion is that, as the 
earth shrinks, its outer 
shell or crustal portion 
IS subjected to stresses 
Fig 68 and strains which are 

The drowned Hudson River Valley at West relieved occasionally 
Point, New York (After N Y. State Mu- ]^y Qr\jixipling of zones 

of relatively weak 
rocks, usually strata. In other cases land areas may move upward 
or downward without crumpling, and with or without tilting. If 
the earth is a shrink- ' ^ " « 

ing body, its whole S j 

surface must be un- . 

dergoing a general \ \ 

downward movement * 

toward the center. W 

But, since the earth is 
a heterogeneous body, i 

not all portions move \ \X 

downward at the same 
rate, and so the por- 
tions which move down 

less rapidly tend to z , 

stand out in relief, ***' 

giving the appearance Fig gg 

of uplift, although Sketch map showing the recently sunken and 

their actual movement partly reelevated coast of Maine. (After 

is also downward. Stone, U S. Geological Survey.) 

Viewed very broadly, the earth may be divided into four 
segments — two oceanic (Atlantic and Pacific), and two conti- 
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nental (Eurasia- Africa and the Americas) It has been proved by 
actual test (gravity determination) that the materials of the 
oceanic segments are heavier than those of the continental seg- 
ments. The oceanic segments are probably moving toward the 
earth’s center faster than the continental segments. At the same 
time the great earth-segments are being more or less divided or 
broken up into smaller masses, some of which may be subjected to 
pressure m such manner as to cause locahzed actual uplifts, as in 
the folding and uphft of many mountain ranges. 

It should be made clear, however, that the ultimate cause of 
diastrophism is, in our present state of knowledge, far from 
defimtely known. That is, we do not surely know why the earth 
contracts, why it shrinks so unequally, or just how the shnnkage 
produces the various phenomena of diastrophism. 


Eaethquakes 

Causes of Earthquakes. — Any sudden movement of a portion 
of the earth's crust, due to a natural cause, which produces a 
shaking or tremblmg of the ground is called an earthquake. The 
study of earthquakes is known as seismology. The impulse or 
shock which gives rise to the trembling originates at a greater or 
less depth below the earth's surface. Such shocks are known to 
originate in various ways. 

Studies during the last fifty years have made it plain that the 
principal cause of earthquake shocks is the sudden slipping of 
portions of the earth's crust past each other along fractures, known 
as faults. The sudden shifting furnishes the impulse which sends 
out the vibrations or waves into the surrounding portions of the 
earth. The first great movement is usually followed for days, 
or even months, by a succession of after-shocks which generally 
decrease in number and intensity, though occasionally one or 
more of the earlier after-shocks may be very severe. Much 
evidence has been presented recently to support the view that the 
fracturing (faulting) of the rocks is the result of elastic strains 
which accumulate by slow shifting of neighboring portions of the 
earth's crust in opposite directions until the rocks can no longer 
withstand the strains, and that the only appreciable, sudden mass 
movement, at the time of the earthquake, takes place on one or 
both sides of the fracture, and within relatively few miles of it. 
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Such an earthquake may be regarded as simply a sudden manifes- 
tation of slower diastrophic movement. In an earthquake of the 
kind just explained, the mam zone of shock, and, therefore, of de- 
struction, is linear because the vibrations originate in the line of 
fracture. A very severe earthquake may be caused by a sudden 

shpping of ten to forty 
feet along a line of 
fracture fifty to several 
hundred miles long. 

Another, though 
much less important, 
cause of earthquakes 
is volcanic activity. 
A violent or explo- 
sive eruption often 
causes the earth m its 
vicinity to quake. 
Earthquakes not un- 
commonly precede 
volcanic eruptions. 
In still other cases 
shocks often occur 
unaccompanied by 
eruptions in volcanic 
regions. It is gener- 
ally believed that 
such earthquakes are 
caused by sudden, 
Fig 70 subterranean 3 H[elding 

Map showing the trace of the great fault, sudden of the carth^S crust 
slipping along which caused the Cahfornia under the influence 
e^quake of 1906 (After U. S Geological either of increasing 

pressure of volcanic 
gases or of shifting positions of molten rocks imprisoned within the 
earth and strugghng to escape. Earthquakes of volcanic origin 
are, as a rule, much less severe and more limited in extent than 
those caused by fracturing of the earth’s crust. In volcanic earth- 
quakes the impulse or shock is centralized, rather than linear as 
in the fracture type of earthquake, and so the vibrations radiate 
from the center of disturbance into the surrounding region. 
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A minor cause of earthquakes is the force of impact of a great 
landslide or avalanche when it strikes relatively flat land at the 
base of a mountain Submarine slides also are believed to be a 
cause of earthquakes, as for example in some parts of the western 
coast of South America. 

Another cause of small shocks is the sudden caving m or col- 
lapse of the roof of an underground opening (cavern). 

The falling of a large block of rock from a cliff or the crest of a 
waterfall often gives rise to a slight shock. This has happened at 
Niagara Falls. 

Frequency, Duration, and Extent of Shocks. — Earthquakes 
are exceedingly common. It is probably true that the surface of 
the earth is at no given time entirely free from earthquake vibra- 
tions. Earthquake recording stations m many parts of the world 
bear out this statement. Fully 30,000 earthquakes recognizable 
by the senses occur each year. A great many of these shocks are 
of course very slight. Only occasionally are the shocks very 
severe. Earthquakes which cause considerable loss of life and 
property occur, on the average, perhaps not more than once or 
twice a year. Earthquakes of varying degrees of intensity have 
been recorded in Japan at the rate of several per day, and in 
California at the rate of several per month, for many years, but 
most of them have been of very Icfw intensity. 

In New England, which is a region generally regarded as 
exempt from earthquakes, hundreds of shocks have been recorded 
within the last 300 years. Probably all but one (eastern New 
England, 1755) of these have been slight shocks which have caused 
little or no destruction. 

The vibrations of earthquake shocks which are sensible to 
human beings last from a few seconds to several minutes In 
general, the greater the intensity of the shock, the longer it lasts. 
The average duration of shocks of considerable intensity is per- 
haps from one to two minutes. 

Earthquake shocks of sufldcient intensity to be noticed by man 
vary greatly in regard to the size of the region throughout which 
they may be felt. They may be felt over areas no larger than 
villages, or over considerable portions of continents The violent 
California earthquake of 1906 was felt over an area of several 
hundred thousand square miles. The Charleston, South Carolina, 
earthquake of 1886 was actually felt by people over an area of 
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2,000,000 square miles, and m states as far away as Wisconsin and 
those of southern New England (Fig 71). Severe earthquakes, 
hke those just mentioned, actually shake the whole earth, though 
not enough to be generally recognizable by the senses, as proved 
by dehcate recording instruments in many parts of the world. 

Nature of Earthquake Waves and Vibrations. — In our con- 
sideration of earthquakes, the reader should clearly understand 

that the earth, instead of be- 
ing an excessively rigid body, 
IS, as a matter of fact, more 
or less elastic. A sudden im- 
pulse, therefore, sets a portion 
of the earth in vibratory (or 
earthquake) motion in some- 
what the same manner that a 
large mass of jelly is set m 
vibration by a sharp tap on its 
containing vessel The vibra- 
tions or tremblings travel out 
in wavelike form into the earth 
in all directions from the 
source of the shock. Earth- 
quake waves travel ordinarily 
at the rate of about two to 
three miles per second. 

When, as a result of a 
sudden shock, vibrations arc 
set up in the earth, as in any 
solid, they take the form of 
waves within the earth which 
are of two important kinds, 
namely, waves of compression 
and waves of distortion. In the compressional (or longitudinal) 
waves, the particles move (vibrate) backward and forward 
in the direction along which they are transmitted. In the 
distortional (or transverse) waves, the particles move (vibrate) 
in a direction across the path of the wave transmission. On 
reaching the surface of the earth the transverse waves cause the 
rocking motion of the earthquake. Another kind of wave travels 
along the surface, and near surface, portion of the earth. The 



Map of North America showmg areas 
sensibly affected by some great 
earthquakes (From Tarr and Mar- 
tinis Physiography,” by permission 
of the Macmillan Company.) 
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exact nature of this wave is not known, but in a great earthquake 
it throws the ground into a series of actual undulations, somewhat 
like waves of water, which may be observed to rise in long, low, 
very swiftly moving waves, causmg trees or tall structures to sway 
violently The main shock is by some believed to be due to the 
joint action of transverse and surface waves. At distant points 
on the earth the kinds of earthquake waves are more or less 
separately recorded by a dehcate instrument called a seismograph, 
as explained under the next heading. The actual amount of 
movement of a particle of earth during the passage of an earth- 
quake wave, even the surface wave, generally is to be measured 
only by inches or fractions of an inch The amount of bodily 
shpping or shifting of the earth's crust along and near the line of 
an earthquake fracture (or fault) commonly ranges up to 20 feet 
or more. 

Seismographic Records. — Instruments of great precision and 
dehcacy, called seismographs, have been constructed for the pur- 
pose of recording earthquake shocks. The fundamental prin- 
ciples involved are simple, but in actual construction a good 
seismograph is a complicated machine, a description of which will 
not here be attempted. In principle, a seismograph involves a 
heavy mass (say of metal) suspended hke a pendulum. On the 
arrival of an earthquake shock the weight, due to its inertia, 
remains relatively still for some time, while the earth shakes under 
it A marker, such as a pencil, which is attached to the suspended 
weight also tends to remain quiet during a shock. Now, if a 
recording plate or rotating cylinder is set in the earth immediately 
beneath, and in contact with, the marker, it is evident that the 
recording plate or cylinder will move with the earth during a 
shock, and thus be marked by the pencil point. Another weight 
suspended from a spiral spring keeps its position during up and 
down motions of the earth, and so affords a ready means of 
recording such motions. A seismographic record is called a 
seismogram. The best seismograms are recorded on rotating 
cylinders because on them the lines are not superimposed upon 
each other. 

A good seismograph is practically automatic in its operation. 
Upon its several rotating cylinders, which are run by very precise 
clockwork, the north-south, east-west, and up and down com- 
ponents of motion; the exact time of beginning and ending (and 
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therefore duration) of the shock; and the intensity of the shock 
(usually magnified) are all recorded. 

It has been deduced, from a study of seismographic records of 
distant earthquakes, that two sets of preliminary tremors im- 
mediately precede the main shock. The first preliminary tremors 
seem to be the longitudinal waves of compression, and the second 
preliminary tremors seem to be the transverse waves of distortion. 
Both of these pass through the earth from the place of origin of 
the shock to the seismographic station. The larger surface waves, 
which may be comb ned with transverse waves, pass around the 
earth in its surface portion in both directions from the scat of 
disturbance. 

Earthquake Intensity. — In regard to their magnitude, two 
general classes of earthquakes may be suggested (1) those 
which disturb large sections of continents, and actually set the 
whole earth in shght vibration, and (2) those which affect only 
local areas with radii of not more than about 100 to 200 miles. 

In regard to intensity of individual earthquakes, the so-called 
Rossi-Forel scale has been adopted quite generally. It is as follows : 

1. Microsetsmic shock' recorded by a single seismograph or 
by seismographs of the same model, but not by several 
seismographs of different kinds; the shock felt by an 
experienced observer. 

II. Extremely feeble shock: recorded by several seismographs 
of different kinds; felt by a small number of persons at 
rest. 

III. Very feeble shock: felt by several persons at rest; strong 

enough for the direction or duration to be appreciable. 

IV. Feeble shock' felt by persons in motion; disturbances of 

movable objects, doors, windows; creaking of ceilings. 

V. Shock of moderate intensity' felt generally by everyone; 
disturbance of furniture, beds, etc,; nnging of swinging 
bells. 

VI. Fairly stroiy shock: general awakening of those asleep; 
general ringing of house bells; oscillation of chandeliers; 
stopping of pendulum clocks, visible agitation of trees 
and shrubs; some startled persons leave their dwellings. 

VII. Strong shock: overthrow of movable objects; fall of plaster; 
nnging of church bells; general panic, without damage 
to buildings. 
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VIII. Very strong shock: faU of chimneys; cracks in walls of 
buildings. 

IX. Extremely strong shock: partial or total destruction of some 
buildings. 

X. Shock of extreme intensity' great disaster; buildings ruined; 
disturbance of the strata, fissures in the ground; rock- 
falls from mountains. 



Effects of Shocks. — Earthquakes are generally classed among 
the most terrifying of all natural phenomena because of the awful 
loss of life and property which sometimes results from them. 
Among the many very destructive earthquakes of modern times 
mention may be made 
of several as follows: 

Lisbon, Portugal, in 
1755, when practically 
the whole city with its 
population of 60,000 
was destroyed, Naples, 

Italy, in 1788, which 
cost 32,000 lives; In- 
dus Valley, India, in 
1819, which was very 
destructive of both life 
and property; Chile in 
both 1822 and 1835; 

Assam, India, in 1897, 
which killed many 
thousands of people 
and destroyed much property; California, in 1906, which directly 
and indirectly (through fire) destroyed much property, but not 
many lives; Messina, Sicily, in 1908, which destroyed much prop- 
erty and killed approximately 200,000 people; Tokyo, Japan, in 
1923, which destroyed much of the city, and also Yokohama, with 
a loss of hfe of approximately 150,000. 

Earthquakes also cause certain changes in the earth's surface. 
In this connection it is important to keep in mind cause and 
effect of earthquakes. Thus the actual sudden shifting of portions 
of the earth's crust along either side of the line of fracture (fault), 
which is often accompanied either by the development of a fissure, 
or a steep declivity along the line of fracture (Fig. 72), is the 


Fig 72 

A fault scarp suddenly formed at the time of 
the Japanese earthquake of 1891. (After 
K6t6.) 
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cause rather than an effect of an earthquake. Numerous changes 
are, however, direct eflEects of shocks, even at considerable dis- 
tances from the seats of disturbance. Thus, the vibrations often 
cause landslides, especially in mountainous regions. Cracks and 
fissures, and local small elevations and depressions of the land, 
often occur, and they may affect surface drainage The disturb- 
ance of the earth's crust may cause old springs to stop flowing, or 
new springs to develop. An extraordinary subsidence occurred 

during the Indian 
earthquakes of 1819 
when a tract of land 
covering some 2000 
square miles near sea 
level actually sank a 
little below sea level. 
It very rarely hap- 
pens, however, that 
even a great earth- 
quake produces more 
than very minor top- 
ographic effects. 

Distribution of 
Earthquakes. — Al- 
though earthquakes 
are very widely dis- 
tributed, so that no 
part of the earth 
seems to be immune 
from at least slight 
tremors, nevertheless 
most of them by far occur within two great rather crudely defined 
belts or zones, as shown by Figures 73 and 74. One of these belts 
almost encircles the great Pacific Ocean, and the other extends in 
a nearly east-west direction around the earth through southern 
Asia, the Mediterranean district, the Azores, the West Indies, 
Central America, the Hawaiian Islands, and the East Indies. In 
a study of 170,000 earthquakes, Montessus de Ballore found that 
nearly 95 per cent of them occurred within these two belts. It 
is an illuminating fact not only that the great majority of active 
and recently active volcanoes, but also that most of the youngest 



Fig 73 

Map of the western hemisphere showing the 
principal earthquake regions (After M de 
Ballore ) 
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mountains of the world are located within the two great earth- 
quake belts. In fact it seems rather clear that both earthquakes 
and active volcanoes are only surface, or near-surface, manifes- 
tations of the great diastrophic forces which, at the present time, 
are operating chiefly within these two belts, but in the present 
state of our knowledge we cannot say why these great forces are 
there so active. A study of the ancient records of the earth 
(historical geology) shows that diastrophism has by no means 
always been especially 
vigorous within these 
two belts. 

Submarine Earth- 
quakes and Tsunamis. 

— Many earthquakes 
are known to take 
place under the ocean, 
mostly within the 
belts just described, 
but obviously our 
knowledge concerning 
them is more meager 
than it is concerning 
earthquakes on land. 

Submarine disturb- 
ances are felt on ship- 
board, and ocean 
cables are sometimes 
broken by them. 

Among very recent, 
severe, submarine 
earthquakes, mention may be made of one which took place 
on the sea floor off the coast of Chile in the fall of 1922, 
sending a series of great sea waves upon the land. Another 
occurred somewhere under the south Pacific Ocean, sending water 
waves upon the shores of Hawaii. Such sea waves, known as 
tsunamis, are caused by the sudden movements of portions of the 
sea bottom. They are often noiscalled tidal waves.” 

Tsunamis may be from 100 to 200 miles from crest to crest, 
and 20 to 40 feet high, where they originate. They travel with 
a speed of hundreds of miles per hour, but in the open sea 



Fig. 74 

Map of the eastern hemisphere showing the 
pnncipal earthquake regions- (After M de 
BaUore ) 
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they are scarcely noticeable because they are so broad and rela- 
tively low. Tidal gauge records show that certain tsunamis from 
Japan have crossed the Pacific Ocean, with height diminished to 
less than a foot, in about 12 hours. If a great tsunami starts 
reasonably near a coast it will pile up in passing into shallow 
water, and it may sweep upon the land in the form of a huge surge 
or breaker from 25 to 100 feet high. Such an earthquake sea-wave 



Fig 75 

Buildings wrecked by the Charleston, South Carohna, earthquake of 1886 
(After Hillers, U S Geological Survey ) 


swept over part of the city of Lisbon, Portugal, in 1755 with 
destructive violence, and another in Chile (1868) carried a United 
States war vessel half a mile inland, and left it stranded. 


Typical Examples of Great EarUiquakes. — Our present purpose is to 
describe very briefly some selected examples of great modern earthquakes m 
order to better impress upon the reader many of the more important phe- 
nomena which they exhibit 

New MadmA, Missouri^ in 1811—1812. The many earthquakes which 
affected a large district around New Madnd, Missoun, in 1811-1812 were 
remarkable not only for their great seventy, but also because they occurred 
well outside of the two major seismic belts of the world, and m a region far 
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from volcanoes or growing mountains The first great shock came dunng 
the night of December 16, 1811 “ Early in the mommg another shock, 

preceded by a low rumbhng and fully as severe as the first, was experienced 
The ground rose and fell as earth waves, like the long, low swell of the sea, 
passed across its surface, tiltmg the trees until their branches mterlocked, and 
openmg the soil m deep cracks as the surface was bent Landshdes swept 
down the steeper bluffs and hillsides; considerable areas were uphfted; and 
still larger areas sank and became covered uith water emergmg from below 
through fissures or httle ‘ craterlets,* or accumulating from the obstruction of 
the surface dramage On the Mississippi, great waves were created which 
overwhelmed many boats and washed others high upon the shore, the return 
current breaking off thousands of trees and carrying them out into the river 
High banks caved and were precipitated into the nver, sand bars and points 
of islands gave way; and 
whole islands disappeared 
(M L Fuller) Withm a 
year after these jfirst great 
shocks, hundreds of other 
shocks were felt, one on 
January 23, and several on 
February 7, 1812, having 
been very severe Some of 
the shocks were felt on the 
Atlantic seaboard. It seems 
quite certam that these 
earthquakes were caused by 
shpping or readjustment of 
earth blocks along a general 
line or zone of fracture m 
the older rocks lying under- 
neath the unconsohdated 
sediments of the Mississippi 
River flats. 

Indus Valley^ Indm^ in 
1819 In the lower Indus 
Valley of India m 1819 a senes of very severe and destructive earthquakes 
occurred durmg a penod of several days Withm a few hours 2000 square 
miles of land sank a httle below sea level, while a neighbormg area of several 
hundred square miles rose as much as 10 feet 

Chilean earthquakes. Chile has been visited by a number of violent and 
destructive earthquakes during the last 200 years Those of 1822 and 1835 
both shook hundreds of thousands of square miles of the southern part of 
South America, and, just after each, long stretches of coastline were found to 
be elevated several feet. Those of 1868 and 1922 both caused great tsu n amis 
to rush upon the land with destructive violence In 1906 havoc was wrought 
m Valparaiso and vicmity, with after-shocks contmuing for a long time. 

Charleston, South Carolina, in 1886 A violent earthquake shook Charles- 
ton, South Carohna, and vicmity m 1886. A shght tremor which rattled the 
windows was followed a few seconds later by a roar, as of subterranean 



Fig. 76 

Ground tom up along the main fault at the time 
of the California earthquake of 1906 Near 
Point Reyes (After G. K Gilbert, U. S. 
Geological Survey.) 
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thunder, as the main shock passed beneath the city Houses swayed to and 
fro, and their heaving floors overturned furniture and threw persons off their 
feet as, dizzy and nauseated, they rushed to the doors for safety. In 60 
seconds a number of houses were completely wrecked, 14,000 chimneys were 
toppled over, and in all the city scarcely a building was left without senous 
injury (Fig 75). In the vicinity of Charleston, railways were twisted and 
trams derailed Fissures opened m the loose superficial deposits, and in 
places spouted water mingled with sand ” (W H Norton) It was felt by 
people in places as far away as eastern Iowa, Boston, Cuba, and the Bermudas 
It was caused by a rupture of the old rocks which underlie the loose Coastal 
Plain strata 

Japan %n 1891 The great Japanese earthquake of 1891 caused the de- 
struction of 20,000 bmldings and thousands of people withm one minute. It 

perceptibly shook an area of 
over 240,000 square nules, 
but the prmcipal destruc- 
tion was confined to a thick- 
ly settled valley among the 
mountains m the central 
part of the island of Hondo 
It was caused by a sudden 
shppmg of as much as 10 
to 30 feet along a hne of 
earth fracture for 40 miles 
(Fig. 72). The land on one 
side of the fracture dropped 
below that on the other side, 
leaving a terrace with a 
steep front as much as 20 
feet high. An average of 
500 aftershocks a month for 
five months succeeded the 
great earthquake. 

Assam j India^ in 1897. 
One of the greatest of all 
recorded earthquakes took 
place in the Assam region of northeastern India in 1897. Withiin two and 
one-half minutes an area nearly as large as Cahfomia was laid m ruins, 
and notable changes in topography took place The ground was fissured in 
many places, and through numerous vents great quantities of water and sand 
issued. At one place a sharply defined terrace 35 feet high was developed. 
Movements of the earth’s crust along one of the Imes of fracture followed a 
winding stream, causmg pondmg of its water m some places, and waterfalls 
in others The land was thrown into waves, and it moved in a remarkable 
manner. Many landshdes occurred 

Southern Alaska in 1899 A senes of very violent earthquakes shook the 
Yakutat Bay region of southern Alaska m 1899 when one part of the coast 
rose as much as 47 feet (Fig 61), while another part sank a httle below sea 
level. “ Vast quantities of snow and ice were avalanched from the mountams, 



Fig 77 

Road dislocated along the mam fault at the 
time of the Cahforma earthquake of 1906 
Near Point Reyes. (After G. K. Gilbert, 
U, S Geological Survey.) 
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and, as a result of this abrupt accession of supply to the reservoirs of the 
glaciers, a wave of advance was started 'which, during the succeeding years, 
swept down the glaciers 
and caused notable change 
and advance in the glacier 
ends ” (Tarr and Martin) 

A tsunami destroyed a for- 
est along the coast 

California in 1 906 The 
Cahforma earthquake of 
1906 ranks as the most vio- 
lent shock recorded in the 
Umted States smce the be- 
gmning of the twentieth 
century. The shock lasted 
about a minute. It caused 
a property damage, mainly 
in San Francisco, of several 
hundred milhon dollars, but 
fortunately the loss of life Fig 78 

was not great It was jjQ^se on the mam fault -wrecked at the time of 
caused by a sudden hoi> the California earthquake of 1906. (Photo by 
zontal movement of one part ^ Humphrey, for U S Geological Survey.) 
of the Coast Range Moun- ^ j / 

tains 2 to 22 feet past the other along a Ime of fracture (fault) for about 250 
miles (Fig 70) Along the fracture, fences, water-pipes, and roads were 
notably dislocated (Fig. 77), and the ground was tom up (Fig 7 ). In 

San Francisco the greatest 
damage by far was accom- 
phshed by fire which started 
in various damaged build- 
ings and quickly spread. 

Sicily in 1908. In re- 
gard to both -violence and 
loss of life, the Messina, 
Sicily, earthquake of 1908 
ranks as one of the greatest 
in the annals of human his- 
tory. It has been estimated 
that between 150,000 and 
200,000 people lost their 
lives m this fnghtful catas- 
Fig 79 trophe which was caused by 

A -view showmg sharp contrast in resistance of the sudden shpping of the 
buildmgs to earthquake action Santa Bar- earth’s crust along a fault 
bara, Cahfomia, 1925 (Photo by the author ) fracture 

Japamnl9SS. On Sep- 
tember 1, 1923, radio messages startled the world with news of the frightful 
earthquake disaster which overtook the region including Tokio and Yoko- 
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haaaa m Japan Earthquake and fire destroyed a large section of the great 
city of Tokio, and Yokohama was almost completely rumed According to 
various reports, about 150,000 people were killed. The earthquake is said 
to have lasted for several mmutes. It was caused by a sudden shiftmg of 
the earth’s crust, amountmg to hundreds of feet, along a fault fracture m 
the bottom of Sagami Bay 

From the mam island of Japan, which rises thousands of feet above sea 
level, there is a remarkably great and steep descent withm a short distance to 
very deep ocean water (depth about 5 miles) This great, steep slope marks a 
portion of the earth’s crust which is unusually lackmg m equihbrium, and 
hence subject to rapid earth-crust movements. 



CHAPTER VI 


STRUCTURE OP TBE EARTH»S CRUST 
Structure Sections 

It is usually an important part of the business of the geologist, 
in reporting on the geology of a region, not only to make a map 
depicting the surface distribution of the various rock formations, 



. 9 


Fig 80 

A geological map and structure section. Bear Butte, Montana. (By 
C. C. O’Harra, U. S. Geological Survey.) 

but also to represent graphically the underground relations of the 
various formations by means of so-called “ structure sections.” 

A structure section shows the relations of the rocks of a region as 
they would appear, from the surface downward^ on the face of a 
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vertical slice through a part of the earth's crust along a certain 
line. Thus, in Figure 80 the structure section shows the sub- 
surface positions of the various formations along the line AA of 
the accompanying areal geologic map. In a block diagram 
(Fig. 81) it is feasible to combine with structure sections on two 
sides, either the surface distribution of formations, or the relief, 
or both. A careful study of the accompan 3 ring figures should serve 
to make clear the principle of the structure section. 

OuTCEOP, Dip, and Stkike 

Outcrop. — Several terms are very commonly employed in 
dealing with the arrangement {structure) of the rocks of the earth's 
crust. One of these terms is outcrop, which means any surface 
exposure of the under- 
lying bed rock. The 
term rock exposure is 
sometimes used as a 
synonym. It so hap- 
pens that the bed rock 
formations are, in 
most regions, largely 
concealed under cover 
of soils, loose rock 
fragments, glacial 
deposits, vegetation, 
water, ice, or snow. 

In high moxmtains, or in other regions where erosion is proceeding 
rapidly, outcrops are generally much more numerous and extensive 
than in regions where sediments have recently been, or are being, 
deposited. It is very genex'aUy true that the surface distribution 
of rock formations, and the underground structures of a region, 
are worked out by a careful study of the outcrops. Where the 
geologic structure is simple, relatively few outcrops may suffice, 
but where it is very complex many outcrops must be found and 
carefully studied in order to determine the structure. 

Dip and Strike. — In many regions, particularly in mountains 
like the Appalachians (including New England), the Rockies, 
and the Sierra Nevada, rock layers and formations are not only 
variously tilted or inclined, but also they show marked deviations 



Fig 82 

Sketch of an outcrop of strata illustrating dip 
and strike. (After J Geikie.) 
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in trend across country. Two terms are used to designate such 
variations m tilt and trend — dip and strike. Dip is the inchna- 
tion of a rock layer to a horizontal plane (or level surface) . Two 
elements are involved, namely, amount of dip and direction of dip. 
By means of a compass provided with a small pendulum free to 
move over a graduated half-circle, amount and direction of dip 
are determined. Examples of note-book records would be dip 
20°, S.40° W.; dip 65°, N.10° E., etc. Strike is the line of inter- 
section of a dipping or tilted layer with a horizontal plane (or 
level surface). Or it may be defined as the direction (or trend) of 
a horizontal line on the surface of an outcropping rock layer. 
Strike is recorded thus: N.30° W., S80° E., etc. When the 
direction of dip is recorded it is not necessary to give the strike 
because dip and strike are always at right angles, as clearly shown 
by Figure 82. 

Folds 

Zones of Flow and Fracture. — A fold is a bend in a rock layer, 
bed, or formation. Any rock mass, when subjected to sufficient 
pressure, or stress or strain, within the earth’s crust, must either 
bend, flatten out, or fracture. Rock bends are folds, and fractures 
are joints, fissures, or faults. Bending and flattening are both 
comprised under the term rock flowagey which means a permanent 
change of form of a rock by pressure, but without notable fracture. 
Why do rocks sometimes bend, and at other times break? The 
earth has, for many milhons of years, been a shrinking body. Many 
stresses, strains, and pressures have been set up in the crustal 
(outer) portion of the earth as it has been adjusting or accommo- 
dating itself to the contracting interior. Due to such forces, the 
rocks at and near the earth’s surface have, in many places, been 
more or less profoundly fractured, and often subjected to sudden 
movements, while the rocks well within the crustal portion, that is 
usually from some thousands of feet to miles down, have, in many 
places, been folded, or even crumpled. For such reasons the sur- 
face and near-surface portions of the crust may be, in a general 
way, called the zone of fracture, while deeper portions may be 
called the zone of flow. Rocks (even the hardest) behave like plastic 
materials when subjected to great pressure well within the zone 
of flow, and, therefore, they bend or flatten out instead of break, 
because of the great weight of overlying material. This conclu- 




Fig. 83 

An anticlinal fold with a strong downward plunge. Bighorn Mountains, 
Wyoming. (After Darton, U. S Geological Survey ) 



Fig. 84 

An anticline m Paleozoic strata near Hancock, Maryland. (After Walcott, 
XJ. S, Geological Survey ) 
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sion has been confirmed by laboratory experiments in which small 
masses of rocks have been subjected to slow, differential pressure 

equivalent to that 
which obtains miles 
within the earth. 
Such masses have 
been made to change 
shape notably with- 
out fracture. 

The idea of depth 
should not, however, 
be too much empha- 
sized in considering 
the zones of flow and 
fracture because there 
are other conditioning 
factors. Thus, very 
Fig 85 soft, plastic rock ma- 

Diagrams illustrating parts of folds (After tenals hke wet clay at 
Willis, U S Geological Survey.) or near the surface will 

readily flow under 



[ I pressure, while very 

hard, rigid rocks like 
granite will usually 
flow only when buried 
miles. Again, a very 
slowly applied pres- 
sure may cause a rela- 
tively hard rock to 
flow or bend much 
nearer the surface, 
while a quickly applied 
pressure may cause a 
relatively soft rock to 

T, X- • j ^ . fracture at a consider- 

Perspective view and structure section lUustrat- 

mg a pitching anticlme. (After WiUis, U. S. 

Geological Survey ) Kinds of Folds. — 

As already stated, a 
rock bend is a fold. A simple arched-up fold is an anticline 
(Fig. 84). A syncline is an inverted anticline, or a troughlike 




STRUCTURE OF THE EARTH’S CRUST 


115 


fold (Fig. 87) The flanks of the fold are its limbs, and the crest 
line (or the trough line) is its axis. The inclination of the axis 
to a horizontal plane is the 'pitch or plunge. These features, as 
well as dip and strike, are all clearly represented by the accom- 
panying diagrams (Figs. 85 and 86). 



Fig 87 

A synchne near Hancock, Maryland. (After Walcott, U. S. Geological 

Survey) 


When a fold has but one limb, that is when its layers incline 
in one direction only, it is called a monocline. 

In an isoclinal fold^ or a series of such folds, the limbs are 
parallel or nearly so. Such folds indicate great degrees of pressure 
(Fig. 88). 

An overturned fold is one in which one limb is partly douuieu 
under the other (Kg. 89), and a recumbent fold is an extreme case 
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of overturning in which the limbs lie in nearly or quite horizontal 
position. 

The terms anhchnorium and synclinorium may be used to 
designate, respectively, great, complex, anticlinal and synclinal 
structures. 

The term dome is sometimes applied to a special type of anti- 
cline in which the axis is nearly or quite reduced to zero, that is the 

limbs dip downward 
in all directions from 
the top of the fold. 
A synclinal basin is 
an inverted dome. 

Such terms as con- 
tOTtionSf crenulahonSj 
crumplings, plications, 
or corrugations are 
often applied to 
intense foldings of 
strata, especially on 
small scales (Fig 92). 

Under certain con- 
ditions, such as dif- 
ferential movement 
within a mass, local 
differences in rigidity 
of the rocks, etc., 
certain layers may 
become folded or con- 
torted, while immedi- 
ately adjacent layers 
are little or not af- 

Diagrammatic section of an overturned fold, ^3). 

(After Van Hise.) Examples of Folds. 

— Folds range in both 
width and length from microscopic to many miles. Most folds, 
especially the large ones, develop very slowly, that is, the process 
may require thousands, or even hundreds of thousands, of years. 
Figures 90 and 92 illustrate small scale folds or contortions. The 
Uinta Range of northern Utah, many miles long and wide, is essen- 
tially a great, simple antichne whose limbs dip at very low angles. 
The Jura Mountains between Switzerland and France contain a 
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Fig 90 

A small double fold. Monterey National Forest, California. 
(Courtesy of the U S Forest Service ) 

series of moderately folded, symmetrical, little eroded anticlines 
and synclines (Fig. 300). In parts of the northern Rockies of 
the United States, the anticlines and synchnes are considerably 
squeezed together and rather deeply eroded. The Appalachian 
Mountains exhibit almost all known kinds of folds, and on almost 
all scales up to miles across. In Pennsylvania the rocks are less 
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severely folded than they are in the southern Appalachians 
(Fig. 302). The rocks of the Alps have been so severely folded as 
to give rise to an almost unbelievably complicated structure 
which is in part suggested by Figure 303. 


Joints 

Nature and Occurrence of Joints. — Almost all consolidated 
rock formations at and near the earth’s surface are intersected by 
systems of fractures or cracks which divide the rocks into blocks 
of varying size, shape, and spacing When very httle or no dis- 
placement of their adjacent walls has taken place, such cracks are 
called joints. In many places there are at least two sets of joints 



Fig. 91 

Diagrammatic section of an anticlmonum. (After Van Hise ) 

crossing each other at high angles, and dividing the rock into 
prismatic blocks of roughly uniform shape and size (Figs. 96 and 
97). In many other cases, however, numerous joints traverse rock 
formations very irregularly. The spacing of joints varies from a 
fraction of an inch to many yards. Single large joints are hun- 
dreds, and even thousands, of feet long and deep, as may often be 
seen in steep canyon walls and great cliffs. It seems quite certain 
that the whole zone of fracture of the earth is more or less jointed. 
Joints cannot exist below depths of approximately 12 miles 
because, as demonstrated by experiment, the tiniest cracks and 
crevices in even the hardest rocks cannot remain open under the 
conditions of tremendous pressure which obtain below such 
depths. Joints very often stand in approximately vertical posi- 
tions, but they may lie in any position from vertical to even 
horizontal, especially when the rocks containing them have been 
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disturbed by folding or tilting. Joint faces often are remarkably 
smooth and straight for long distances, particularly in fine grained, 
hard rocks. Joint 
blocks are usually fitted 
together tightly, but 
sometimes there are 
very perceptible spaces 
between them, espe- 
cially if the joints have 
been acted upon by the 
weather. 

Causes of Joints. — 

Most joints in sedi- 
mentary, igneous, and 
metamorphic rocks are 
believed to have re- 
sulted from stresses 
and strains within the 
zone of fracture. Such 
joints may, on the basis of origin, be classified as termon and 
compression joints. When a portion of the zone of fracture is 

subjected to differential 
compression or tor- 
sional strain, owing to 
earth contraction, the 
rocks tend to fracture 
in two general sets of 
joints approximately at 
right angles to one 
another very much as 
can be shown by ex- 
periments with glass or 
ice. The crest portions 
of folds, where not too 
Fig. 93 deeply buried, are often 

Contorted weak strata between non-folded hard stretched to the break- 
rocks Near Russell, New York. (Photo resulting in 

by the author) systems of joints. The 

sudden alternation of tension and compression in the zone of frac- 
ture during the swift passage of earthquake waves is quite likely a 




Cahfornia. (Photo by the author.) 
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cause of many minor joints. It is evident that relatively slight 
stresses and strains may cause jointing because deep, well- 
developed joints are often found even in large areas of horizontal 
strata. Tension produced by contraction during the drying-out and 
consohdation of sediments when raised into land also is probably 
a minor cause of jointing In igneous rocks, systems of shrinkage 



Fig. 94 

Cleavage structure developed across bedding of sharply folded strata. Near 
Walland, Tennessee. (After Keith, TJ. S. Geological Survey.) 


joints no doubt often develop when the masses of molten mate- 
rials contract during the process of cooling and solidification 
within the earth^s crust. Cracks thus formed are often filled 
with molten material forced up from greater depths to form what 
are called “ dikes (p. 140). 

A kind of jointing of special interest is known as columnar 
structure. It often develops by coohng and contraction of either 
lava flows or masses of molten material which have been forced 
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Fig 95 

Steeply inclined and deeply eroded beds of quartzite 
many nuJlions of years old m the much faulted and 
folded Wasatch Mountains near Ogden, Utah. 
(Courtesy of the Ogden Chamber of Commerce.) 
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into fissures near the earth^s surface, during the process of solidi- 
fication of the molten material. The effect is a splitting up of the 

body of rock into a sys- 
tem of close-fitting prisms 
of varying size and shape, 
but usually hexagonal. 
They are of all sizes up 
to several feet in diam- 
eter, and 200 or more 
feet in length. The col- 
umns always form at right 
angles to the cooling sur- 
face, so that in lava flows 
they are vertical, or 
nearly so, and in dikes 
they are usually approxi- 
mately horizontal In 
some places this columnar 
structure is developed on 
large scales with a won- 
derful degree of regular- 
ity, as for example at 
the Devil^s Postpile in 
California (Fig. 99); in 
the Columbia River Can- 



Highly jointed plutomc rock (syenite), yon; at DeviPs Tower 

i?. Wyoming; and at tte 

Giant^s Causeway in Ire- 
land. The Palisades of the Hudson near New York City are 
great, crudely developed, nearly vertical joint prisms 100 feet 
or more high. 


Faults 

Definition, — k fault is a fracture in the earth^s crust along the 
face of which there has been slipping (or displacement) of the 
rocks (Fig. 101). The amoimt of such displacement varies from 
a fraction of an inch to many thousands of feet. Movement 
along a fault generally takes place suddenly, commonly involving 
distances up to 20 to 40 feet, or rarely even more. In great faxilts 


STRUCTUEE OF THE EAETH^S CRUST 


12 : 



the displacement represents the sum-total of many relativel 
minor, sudden movements. 

Nomenclature of Faults. — Faulting is by no means always . 
simple process, and, for a reasonable understanding of the struc 
tures involved, it is necessary to know the principal terms appliei 
to faults, particularly to 
the amount and direction 
of movements. The ac- 
companying diagrams 
should be carefully stud- 
ied in connection with 
the definitions below 
given, and this should be 
supplemented with labo- 
ratory studies of models 
and maps, and also, if 
possible, with field obser- 
vations. The components 
of faulting may be most 
readily comprehended by 
considering faulted strata 
made up of layers of va- 
rious kinds, but of course 
the same general princi- 
ples apply to faults in any 
kind of rock. 

The fault swjace is 
the fracture along which Fig 97 

the slipping or dislocation Great joint columns 1500 feet high in 
of the rocks occurs. It is saatoone. Zion Canyon, Utah. (Photo 
better to call it a surface ^ e au or ) 
than a plane because it is seldom smooth and straight for an} 
considerable distance. 

Slickenside s are the smoothed or scratched portions of a fauH 
surfa^ resulimg from friction of movement of one earth-blocl 
past the other. 

Fault breccia is the crushed, broken, and often recemented rod 
material commonly found along fault fractures, especially the 
larger ones, due to friction during movement. In many cases^ 
however, faults are relatively clean, sharp breaks. 
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Fault trace or rift are terms applied to the trace of the fault on 
the earth’s surface. 

Drag is the term apphed to the local bending of strata upward 
or downward adjacent to the fault surface according to direction 
of movement of the earth blocks. It is due to friction of the 
slipping mass along the fault. Drag is by no means always present. 



Fig 98 

Vertical joints transecting horizontal sandstone strata. Canyon of the 
Colorado (Grand) River. Near Glenwood Springs, Colorado (Photo by 
the author ) 

Where one block of earth has moved down relative to the other 
along a fault, it is called the d ownthrow sid e, and the other is called 
the upt hrow si dk 

Where a cliff or steep slope forms on the upthrow side as a 
direct result of faulting it is called default scarp (Fig. 72). Fault 
scarps are almost always more or less eroded, sometimes to such 
an extent that no chfif, or steep slope, remains. 

The rock immediately overlying a fault surface is called the 
hanging wall, and that immediately under it is called the footwall 

The dip of a fault, like that of a rock layer, is the inclination 
of its surface to a horizontal plane (or level surface). 
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The strike of a fault is its intersection with a horizontal plane. 
The hade is the inclination of the fault surface to a vertical 
plane. It is always the complement of the dip. 





Fig 99 

Remarkably developed columnar structure m lava Devil’s Postpde National 
Monument, Calif orma. (Courtesy of the U. S. Forest Service.) 


Slip is the distance a rock layer has moved on a fault sur- 
face. It represents the total displacement along the fault. 

Throw is the vertical displacement of the fractured ends of a 
rock layer. 

Heave is the horizontal displacement of the fractured ends of a 
rock layer as measured at right angles to the strike of the fault. 
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Fig 100 

Crude columnar jointing m lava. Near Northampton, Mass (Photo by 

the author) 



Fig 101 

Structure section of an eroded normal fault mon ~ Hip; nop — hade; 
ac = shp; ch — throw, cd = stratigraphic throw, dh = heave. (Drawn 
by the author.) . 
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Stratigraphic throw is the thickness of the rock layers lyin^ 
between the faulted ends of a given layer, as measured at righ 
angles to the layers. 

Offset or strike slip is the horizontal displacement of th< 
fractured ends of a rock layer as measured along, or parallel to 
the strike of the fault. 

A dip fault has its 
surface parallel to the 
direction of the dip of 
the rock layers in- 
volved, or nearly so. 

A strike fault has 
its surface parallel to 
the strike of the rock 
layers involved, or 
nearly so. 

An oblique fault is 
intermediate between 
the two last named. 

A compound or dis- 
tributive fault consists 
of two or more parallel 
(or approximately par- 
allel) faults close together. In such a case the displacement has 
been distributed instead of being concentrated along a single 
fault-surface. 

Step faults may be hke those of a compound fault, but they are 
usually farther apart, and they must all dip m the same direction 
(Fig. 105). 

A graben or trough fault is a block of earth, bounded by two or 
more faults, which has sunk relative to the surrounding mass of 
earth (Fig. 108). 

A horst is a block of earth, bounded by two or more faults 
which has been elevated relative to the surrounding mass of earth 

Kinds of Faults. — Five kinds of faults, based upon directions 
of movement along the fault surfaces, may be explained briefl;^ 
as follows: 

1. Normal faults. When the fault surface dips toward the 
downthrow side it is a normal fault (Fig. 103). In this case the 
hanging wall has slipped down an inclined fault surface relative 



Fig 102 

A zone of crushed rock (fault breccia) produced 
by faulting in hard, homogeneous, igneoujs 
rock. Keene Center, New York. (Photo b> 
the author.) 
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to the footwall. Figure 109 illustrates a very simple case of 
normal faulting in horizontal strata as it would appear unaffected 
by erosion Figure 101 represents an eroded normal fault in 
tilted strata. As shown by the figures, normal faulting involves a 
local extension of the earth’s crust because the fractured ends of 
the rocks have been pulled apart horizontally by an amount 
measured by the heave. For this reason normal faults are some- 



Fig 103 

A small normal fault in sandstone and shale Near Northampton, Massa- 
chusetts. (Photo by the author) 


times called tension faults. Normal faults usually dip at relatively 
high angles. 

2. Thrust faults. When the fault surface dips toward the 
upthrow side it is a thrust fault (Fig, 112). In this case the hanging 
wall has been shoved, or thrust, up an inclined fault surface rela- 
tive to the footwall. Figure 199 represents a simple case of thrust 
faulting in horizontal strata, as it would appear unaffected by 
erosion. Figure 110 represents a more complex case where the 
thrust fault has been deeply eroded. As shown by the figures, 
the crust of the earth is relatively shortened by thrust faulting 
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because certain blocks 
of earth are partly 
shoved or thrust over 
others. For this reason 
thrust faults are some- 
times called compres- 
sion faults Thrust- 
fault surfaces are gen- 
erally inclined (dip) at 
relatively low angles 
We may, in a gen- 
eral way, recognize 
three kinds of thrust 



faults, namely* {!) Scis- 
sion thrustSj in which 
a fault surface develops 
independently of any 
older rock structure; 


Fig 104 

Dikes of white granite m dark gray granite 
displaced by a normal fault. Near Pasadena, 
Calif orma (Photo by the author) 


(2) fold thrustSj which result from stretching of overturned and 


recumbent folds to the breaking point (Fig. 113) ; and (3) erosion 
thrusts in which extra-rigid, tilted formations, laid bare by erosion, 

are thrust over weaker 
underlying rocks. 

3. Vertical faults. 
When there has been 
upward or downward 
movement on either 
side of a vertical fault- 
surface, it is a vertical 
fault The fault surface 
dips 90°, or nearly so, 
and there is neither 
hanging wall nor foot- 
wall. 



Fig. 105 

Step faults (normal) in a marl pit near Lomita, 
Cahforma. (Photo by the author.) 


4. Horizontal faults. 
When the movement 
has been wholly hori- 


zontal, or nearly so, on either side of a fault surface (either 


inclined or vertical), it is a horizontal fault A sudden move- 


ment of this kind of 2 to 22 feet along a fault caused the 
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California earthquake of 1906, but fault movements of this kind 
are rare. 

5. Ptvotal faults. When one portion of an earth block moves 
upward, and another portion of the same block moves downward, 
on an axis at right angles to the fault, it is a pivotal fault. The 
block on one side of the fault works as though on a pivot with 
reference to that on the other side The effect is for the earth block 



Fig 106 

A small normal fault with secondary faults on each side Near Lomita, 
Los Angeles County, California. (Photo by the author ) 


on one side of the fault fracture to be in part upthrown, and in 
part downthrown. 

Cause of Faulting. — The zones of flow and fracture in the 
earth’s crust have already been described briefly in the discussion 
of the cause of folding. Rocks bend (or flow) when subjected to 
sufficient stress or strain in the zone of flow, while the same forces 
cause them to break in the zone of fracture. Every fault must, 
therefore, die out downward because the fracture grades into 
material which yields without breaking. The forces which cause 
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Fig 107 

Eroded step faults (normal) and structure section Queantoweap Valley, 
Arizona (After U. S Geological Survey ) 


Virginia Range 


Sierra Nevada 
(front range) 



Truchee Meadows ^ y- 


I Lava and tuff 


Fig 108 

Structure section of a normal fault-block which has sunk about 3000 feet in 
western Nevada. (After U S. Geological Survey ) 



Fig. 109 

Structure sections of a simple normal fault (on Uft) and of a simple thrust 
fault ion rioht), (Bv the author.) 
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faulting are compression, torsional strain, or tension (stretching) 
in the outer crustal portion of the earth Any such force may be 
exerted upon a rock mass until its breaking point is reached, 
when a fault results, usually accompanied by sudden movement. 
This movement relieves the force for a time, but the latter may 
increase slowly again to cause renewed movement along the old 
fracture, and so on repeatedly. 

Great normal and vertical faults are generally associated with, 
and seem to result from, upward and downward movements of 
relatively large sections of the earth’s crust, dunng the movements 
of which fault fractures develop. Great thrust faults are very 
often directly associated with compressive forces which cause 
zones of the earth’s crust to crumple and become elevated into 
mountain ranges, the thrusts usually developing fairly well up in 
such masses. 

The ultimate cause of faulting, as for that of folding, is a more 
dfficult and uncertain matter, but by many geologists, including 
the author, it is believed to be intimately bound up with a shrink- 
ing earth, in the outer or crustal portion of which tremendous 
stresses and strains are, and for countless ages have been, set up. 

Topographic Influence of Faulting. — Many relief features of 
the earth, both great and small, are direct or indirect results of 
faulting. If a considerable fault movement of any kind, except 
horizontal, should suddenly take place, a cliff or steep slope, called 
a fault scarp j would develop on one side of the fault (Fig. 72). 
Sudden movement of this kind is, as we have already learned, 
the most common cause of earthquakes. A single movement 
rarely produces a scarp more than ten or twenty feet high, but 
many repeated movements along the same fault may develop a 
scarp thousands of feet high, as along the eastern face of the 
southern Sierra Nevada (Fig 154). Even while such a scarp is 
developing through many thousands of years of time, the proc- 
esses of weathering and erosion set to work to cut it down and 
dimmish its steepness. Such eroded fault scarps are common in 
many parts of the world (Fig. 310). 

In the course of time both sides of a fault, including the scarp, 
may be brought to the same level by erosion If, then, the rock 
on the upthrow side is weaker than that on the downthrow side, 
and the whole region should be elevated, erosion would be re- 
newed and the weaker rock would be worn down faster, causing a 
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Fig 110 

Structure section and perspective view of a thrust fault. (After Willis, 
U S Geological Survey) 



Fig 111 

Diagrammatic section of the thrust fault shown in Fig. 110 (After Willis, 
U S. Geological Survey) 


scarp to develop on the original downthrow side Or, if the weaker 
rock should lie on the downthrow side, the scarp would again 
develop on the upthrow side. Scarps thus formed by erosion 
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along faults are called faulirkne scarps by Davis to distinguish 
them from true fault scarps. Fault-line scarps are common m the 
eastern Adirondack and Mohawk Valley regions of New York State. 

Thrust faulting also often causes great and small changes in 
topography. Thus the whole eastern face of the Rocky Moun- 
tains in Glacier Park, Montana, is the front of a vast earth block 

several thousand feet 
high which has been 
shoved upon the Great 
Plains from the west. 
This fault scarp has 
been considerably cut 
into and indented by 
the action of rivers and 
glaciers (Fig. 114). 

Thrust fault scarps, 
like normal fault 
scarps, may be, in the 
course of time, cut 
away and fault-line 
112 scarps developed in- 

A small thrust fault m Tertiary shale. Los g-^gad 

Angeles, Cahfomia (Photo by the author ) t ’ • ti 

^ j / In some regions, like 

parts of southeastern Oregon, Utah, and Arizona, steplike moun- 
tains and ridges, often in series, result from the tilting of fault 
blocks (Figs. 107 and 319). 

A good many valleys of considerable size are the direct results 
of the sinking of earth blocks (grdben) between faults. Examples 
are Death Valley, California; Truckee Meadows, California 
(Fig. 108); Jordan Valley, Palestine; and the Great Rift Valley 
of eastern Africa, himdreds of miles long, with its Lakes Albert 
and Tanganyika. 

Many valleys, and systems of valleys, have been carved out by 
streams along faults because the work of erosion is, as a rule, more 
easily accomplished along fault lines of weakness in the rocks. 
A good example of such a drainage system is the southeastern 
Adirondack region of New York. 

Some Examples of Large Faults. — We shall now very briefly 
describe some large faults and systems of faults, including a few 
of the greatest known. 
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The steep eastern face of the Sierra Nevada Range of Cali- 
fornia is bounded for hundreds of miles by a great, steeply inclined 
normal fault, the displacement along which has amounted to 
fr 9 m one to three miles. In the Owens Valley region, the moder- 
ately eroded fault scarp rises very boldly to a height of over two 
miles (Fig. 154). 

Displacement along the great normal fault, fully 200 miles 
long, at the western base of the Wasatch Mountams of Utah has 
amoimted to many thousands of feet, with 3000 to 5000 feet of it 


still represented in the 
face of the steep, moder- 
ately eroded fault scarp 
(Fig. 310). 

Most of the numer- 
ous nearly north-south 
mountain ranges of the 
great desert region be- 
tween the Sierra Nevada 
and Wasatch Mountains 
are partly eroded, tilted, 
normal fault-blocks 

In the eastern United 
States, the Adirondack 



Mountain and Mohawk 

VaUey regions of New ^ ^ 

York state are cut to (AfterVanHise,U. S Geological Survey ) 
pieces by hundreds of 

vertical, or nearly vertical, normal faults, displacements along 


which are commonly from a few hundred to at least 2000 feet. 


Some of the great thrust faults are even more impressive. 
Thus, several thrusts in the eastern Appalachian region are 
each 100 miles or more long, with displacements on nearly 


horizontal, or undulating, fault surfaces of three to five miles or 


more. 

The tremendous thrust fault, so clearly traceable for several 
hundred miles along the eastern base of the Rocky Mountains of 
the northern United States and Alberta, Canada, represents the 
bodily shifting of a large section of the mountain mass eastward 
over a low-angle fault surface for at least ten to fifteen miles 
TFiff. 114U 
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In Scotland, Scandinavia, and the Alps, there are also thrust 
faults of tremendous magnitude. 


Unconfobmities 

When strata are deposited m uninterrupted succession, layer 
upon layer, they are said to be conformable Often, however, there 
is a break or interruption in the succession of strata wluch is 



Diagrammatic structure section of the great thrust fault m Glacier National 
Park, Montana. (Drawn by the author.) 

Carboniferous 



Kg. 116 

Diagrammatic structure section of a system of thrust faults (heavy lines) 
in Ogden Canyon, Utah (After U. S. Geological Survey ) 


usually indicated by the fact that one set of strata rests upon the 
eroded surface of another set. In many cases strata rest upon 
the eroded surfaces of igneous or metamorphic rocks. The inter- 
ruption may much more rarely be due simply to lack of deposition 
of sediments for a time, with no accompanying erosion. Sets of 
rocks whose regular succession is thus interrupted are said to be 
unconformable, and the structure is called an unconformity. 

A mass of stratified sediments may be raised out of water and 
tilted, folded, or left practically horizontal, and then eroded. 
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Submergence would allow new sediments to deposit unconfonn- 
ably upon the eroded surface Renewed uplift and partial erosion 
may lay bare such an unconformity as illustrated by Figure 116 
in which the underlying strata have been highly tilted and eroded, 
and by Figure 309 m which the underlying strata have been 
notably folded and eroded. 

If the upper series of beds rests upon the eroded surface of 
tilted or folded strata, or of non-stratified rocks (igneous or 





Fig 116 

A conspicuous unconformity. Horizontal sands and gravels of Quaternary 
age resting upon tilted and eroded Tertiary shales. Near Port Harford, 
California. (After G W Stose, U. S Geological Survey.) 

metamorphic), there is a very obvious unconformity called a 
nonconfoTm%ty, If, however, two sets of beds separated by an 
erosion surface have their stratification surfaces practically 
parallel, there is a more or less deceptive unconformity called a 
dtsconformity. 

A special phase of imconformity is known as overlap in which 
the yoimger (overlying) strata extend farther, that is they cover 
a wider area, than the older (underlying) strata, and so overlap the 
latter. Overlap will develop when strata accumulate upon a 
sloping area gradually subsiding under water. 
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Modes of Occurrence of Igneous Rocks 

Plutonic and Volcanic Rocks. — In even an elementary discus- 
sion of the arrangement (structure) of the rocks of the earth^s 
crust, the modes of occurrence of the igneous rocks must be con- 
sidered. Igneous rocks represent either molten materials which 





Fig 117 

Homoatal beds of Ordovician limestone resting by unconfomnty upon 
Archeozoic gneiss. Montgomery, Canada. (After C D Walcott, U. S. 
Geological Survey.) 

have been forced into the crust of the earth to cool and solidify 
below the surface, or molten materials, or fragments of once 
molten materials, which have been forced out upon the surface 
of the earth. The former are known as plutomc or intrusive rocks, 
and the latter as volcanic or extrusive rocks. Studies of igneous 
rocks in many parts of the world have shown that plutonic rocks 
are of far greater volume than volcanic rocks. Plutonic rocks 
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Fig 118 

Diagrammatic structure section illustrating modes of occurrence of igneous 
rocks S = strata; B - batholith of plutomc rock; L = laccolith; 
D = dikes, I = intrusive sheet or sill, V = volcano, N = neck of vol- 
cano, F = lava flows, C = crater (Drawn by the author.) 



Fig. 119 

Basaltic dikes in gramte Cape Ann, Massachusetts (After N. S. Shaler, 
U S. Geological Survey) 

become exposed at the surface only as a result of erosion of the 
rocks which formerly covered them. Volcanic rocks are, no doubt, 
generally connected with deep-seated plutonic masses through 
intermediate rocks, reservoirs of molten masses of the latter 
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having always, or 
nearly always, been 
the sources of the vol- 
canic materials. 

Modes of Occur- 
rence of Plutonic 
Rocks. — Dikes, A 
dike is a steeply in- 
clined or vertical mass 
of igneous rock which 
was forced into a fis- 
sure when in molten 


^20 condition. Dikes vary 

Small dikes of white gramte in schist (After width less 

E. E Howe, U S. Geological Survey) than an inch to sev- 
eral hundred feet, and 
in length commonly from a few feet to 10 or 20 miles. One m 
England is about 100 miles long Dikes are very abundant, a 
few among many regions being along the coast of Maine; Cape 
Ann in Massachusetts (Fig 119); and at Spanish Peaks in Colo- 


rado (Fig. 122). Dikes 
may be partially glassy, 
fine grained crystalline; 
or coarse grained crys- 
talline, depending on 
the size, rate of cool- 
ing, etc., of the in- 
jected molten masses. 
They are sometimes 
arranged in roughly 
parallel groups, but 
often they form irreg- 
ular, branching net- 
works (Fig 120) 
cutting through rocks 
of any kind. 



Fig 121 

A sill (dark band) lying between beds of hori- 
zontal strata. Rio Grande River, Texas. 
(Photo by R. T. Hill.) 


Sills, Where a mass of molten material (magma) has been 
forced as a sheet or layer between beds of strata in horizontal or 
gently inclined position it cools to form a sill or intrusive sheet. 
SiUs vary in thickness from less than a foot to hundreds of foet 
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and they commonly extend laterally from a few acres to many 
square miles. An excellent example is the sill in the Hudson 
Valley near New York City, the outcrop of which is called the 
Pahsades of the Hudson, in part forming a bold cliff several hun- 
dred feet high, facing the river for 30 miles. 

Laccoliths. A laccolith is a dome-shaped mass of igneous rock 
which, in molten condition, has been forced between strata, 



Fig. 122 

Vertical dikes cutting strata and standing out in bold rehef as a result of 
erosion W. Spanish Peak, Colorado. (After G W. Stose, U. S Geological 
Survey.) 

causing the overlying rock layers to be domed or arched up. It 
has a more or less flat floor. The magma rising into the earth^s 
crust through a relatively small opening becomes such a stiff 
fluid (or so viscous) that it can no longer penetrate the strata, so 
it spreads between them, and arches up the overlying beds (Fig. 
118) . Laccoliths commonly range in thickness from a few hundred 
feet to a mile in the middle, and in diameter from hundreds of 
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yards to several miles. The Henry Mountains of southern Utah 
consist of a series of laccoliths showing all stages of removal of the 
overlying, arched up strata. Various others occur in Utah, Colo- 
rado, Montana, and South Dakota. Bear Butte in South Dakota 
(Fig 123) IS a very fine example of a large laccohth whose cap rock 
has been almost completely removed, leaving only the upturned 
edges of the strata as a ring around its base. 

Volcanic necks. A volcanic neck is the hardened lava which 
fills the feeding channel (or conduit) of a volcano. It is roughly 
cylindrical in shape, and it commonly varies in diameter from a 
few hundred feet to a mile or more. Long continued erosion may 

finally cut away most 
of the relatively looser 
material of the vol- 
cano, leaving much of 
the core or neck of the 
mountain standing out 
in bold relief. There 
are excellent examples 
in New Mexico (Fig. 
271) and Arizona, and 
in parts of Great Brit- 
ain and France. 

Stocks or bosses. 
The term stock (or boss) 
is applied to a fairly 
large body of plutonic 
rock, with crudely cir- 
cular or oval groundplan, which, in molten condition, was forced 
into the earth^s crust by cutting across the enclosing rock. 
Stocks usually increase in diameter downward. They vary in 
diameter from hundreds of feet to a number of miles. They are 
very common in New England and in the Piedmont Plateau of 
the eastern United States. 

Bathohlhs. These are also called tathyliths. In aU important 
respects, except size, they are like stocks. They extend over 
areas of hundreds, to many thousands of square miles, as for 
example in the southern Sierra Nevada Range; parts of the 
Rockies; eastern Canada; the Adirondack Mountains; New 
England; and the Piedmont Plateau. Stocks and batholiths, 



Fig. 123 

A laccolith partly unroofed by erosion with 
upturned strata around it. Bear Butte, 
South Dakota. (After N. H. Darton, U S. 
Geological Survey.) 



STRUCTURE OF THE EARTH^S CRUST 


143 


being true plutonic rocks, are of course exposed at the surface only 
as a result of profound erosion of the overlying rocks. Granite, 
syenite, and gabbro are very commonly the rocks of stocks and 
batholiths. 

Modes of Occurrence of Volcanic Rocks. — Lavas, Streams 
and sheets of molten materials (lavas) may pour out of volcanoes 
or fissures in the earth and cool to be successively covered by later 
flows. In such a manner a lava field may be built up to a thick- 
ness of hundreds, or even thousands of feet, and an extent of many 
square miles. 

Fragmental materials. Through successive explosive eruptions 
of volcanoes, fragments of lava may be ejected in great quantities 
and scattered near and far. Thick and extensive beds of such 
materials, ranging in size from the finest dust to blocks weighing 
tons, may be built up. Both lavas and fragmental materials are 
more fully described in Chapter XI. 
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THE WORK OF STREAMS 
Introduction 

Erosive Importance of Streams. — All things considered, 
running water is the most important of the three great agents 
of erosion — water, wind, and ice About 30,000 cubic miles of 
water (partly in the form of snow) faU yearly upon the lands of 
the earth. Approximately one-fifth of this tremendous quantity 
of water is carried by streams into the sea each year. Some idea 
of the enormous amount of energy developed by these streams 
may be gained by a statement of the fact that they make an 
average descent of nearly one-half of a mile, this being the average 
altitude of the lands of the earth A very considerable amount 

of energy is also devel- 
oped by streams of 
desert regions which do 
not enter the sea. 
Much of this stream 
energy is used up in fric- 
tion, in wearing away 
rock materials from the 
bottoms and sides of 
their channels, and in 
transporting sediment. 

Sources of Stream 
Water. — Rainfall and 
snowfall constitute the 
proximate source of 
almost all stream 
water A large part of 
the water of most streams results from the immediate run-off 
of the rainfall. The amount of such water fluctuates greatly. 
The melting of snow, especially in the spring in the northern 
hemisphere, contributes much water to streams. Another source 
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of supply is glaciers, nearly every one of which has a stream emerg- 
ing from it. Ponds and lakes commonly feed water into streams. 
Still another source of stream water is underground water which 
emerges at the surface in the form of springs This supply tends 
to fluctuate relatively little, and it is, therefore, an important 
factor in the regulation and maintenance of stream flow, especially 
during periods of dry weather. A large river hke the Mississippi 



Fig 125 

A view m the badlands of South Dakota showing gully development in soft 
strata. (After Barnett, TJ S Geological Survey.) 


may receive important contributions from all the sources above 
mentioned. 

Rain Wash. — Rain water accomplishes a certain amount of 
erosion before it collects into definite streams. Everyone is 
familiar with the fact that soils are carried down slopes by the 
wash of the rain. When rain flows off in a sheet, as on a smooth 
surface, the depth of the water is slight, the flow not very swift 
(unless the slope is very steep), and the wear correspondingly 
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slight. Such wear is called sheet erosion ” (Chamberlin and 
Sahsbury). 

Where rain falls upon soft or loose material such as clay or 
sand, especially where the slopes are steep, the effect of rain wash 
is much more pronounced than where it falls upon hard rocks 
(Fig. 124 ). A mantle of vegetation of course tends to protect 
soils and rocks against rain wash. For these reasons it is easy to 

understand why, in re- 
gions like New England 
and the Adirondack 
Mountains, whose bed 
rock formations are 
very hard, and whose 
soils are mostly stony 
and resistant, the 
streams are generally 
clear except in times of 
flood, while in regions 
like the badlands of 
South Dakota, or parts 
of the western Great 
Plains, or even parts 
of the southern states, 
where not only the soils, but also the bed rock formations, are 
soft, the streams are very commonly muddy or turbid. 

How Stbeams Erode 

Erosion is, as we have already learned, a rather complicated 
process carried on by either water, wind, or ice, and it consists of a 
number of sub-processes such as weathering, corrasion, solution, 
pressure, and transportation. Stream erosion involves all of these 
sub-processes or factors except weathering, which latter has been 
dealt with in Chapter IV. It is the present purpose to consider 
corrasion, solution, and pressure as factors of erosion, reserving 
the fuller discussion of stream transportation for a separate, more 
important heading just beyond. 

Corrasion. — Surfaces of hard rocks are only very slightly 
worn mechanically by clear water flowing over them. A remark- 
able case in point is the constant rush of the mierhtv volume of 


M 



Pig. 126 

Erosion and gully development in soft, umform 
shales Near Eagle, Colorado. (Photo by 
the author ) 
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clear water over the crest of Niagara Falls. The water is clear 
because it comes out of Lake Erie which acts as a settling basin 
for sediment. In spite of the velocity of the water, myriads of 
tiny, growing plants (algae) are attached to the rocks at the very 
brink of the falls, proving that any mechanical wearing away of 
the rocks must be very slight. The same principle is illustrated 
by many very clear streams with even rather swift currents 



Fig, 127 

Tools with which a, river works. Boulders in the bed of a river at time of low 
water Near Wells, New York (Photo by the author ) 


which emerge from lakes, and whose sides and bottoms may be 
lined with moss or other vegetation. 

In cases of streams of at least moderate velocity and properly 
supplied with tools, mechamcal erosion becomes very pronounced. 
The tools are rock fragments of all sizes from those of silt, mud, 
or sand to pebbles or even boulders. By corrosion is meant 
mechanical wearing away of rocks by the rubbing, grinding, and 
bumping action of rock fragments carried by any agent of trans- 
portation — water, wind, or ice — against the bottom and sides 
of the channel, and also against themselves. We are here con- 
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cerned with the corrasive action of streams only, corrasion by ice 
and wind being considered m succeeding chapters 

From the above statements it may be readily understood that 
the factors which facilitate rapid corrasion by streams include 
swift current, a liberal supply of tools (especially of angular 
fragments of hard rocks and minerals), and relatively soft or 
weak rock over which the water flows. Since the tools them- 
selves are worn in the process of corrasion they soon become 
rounded This is true of aU sizes of rock fragments from the 


tiniest to big boulders. 

Solution. — We have already learned that many rocks and 
minerals are more or less soluble in water, and that their solubility 



Fig. 128 

Bed rock being eroded by a stream at tune of 
low water. Blue Ridge, New York. (Photo 
by the author ) 


is increased by the 
presence of small 
amounts of carbonic 
acid gas and oxygen 
which are found in all 
water in nature. Lime- 
stone is, of all the very 
common rocks, most 
susceptible to solution, 
bemg in fact completely 
soluble when perfectly 
pure. Although the 
process is a slow one as 
measured by the span of 
an ordinary human life, 
nevertheless a stream 
of even moderate veloc- 


ity flowing over bed rock of limestone, or even impure limestone, 
carries away a large amount of the rock in solution in a short 
time, geologically considered. The cutting of the valley into the 
crust of the earth is, under such conditions, notably facilitated. 
Where a stream flows over a hard igneous rock like granite, the 


work of solution is very much less effective because the quartz in 
this rock is scarcely, if at all, affected, while some of the feldspar 
material goes into solution only very slowly As a result of rain 
wash over the ground, and on gully or valley sides, more or less 
mineral matter is taken into solution and carried into streams. 


A large river like the Mississippi carries a tremendous amount of 
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dissolved mineral matter into the sea each year. This phase of 
the subject is treated a little beyond in this chapter. 

Pressure. — The mere impact or pressure of running water 
may, under certain conditions, effect a considerable amount of 
erosion. Thus a stream of relatively clear water, flowing through 
soft or loose material, may by this process cut back its bank, or 
push off material from the bottom of the channel. But even where 
rocks are hard they are very commonly intersected by numerous 
cracks (so-called joints), causing the rocks to be more or less 
separated into angular blocks. In sedimentary rocks the stratifi- 
cation surfaces are often also a factor in dividing rock masses into 
blocks. In many places such joint blocks are only loosely attached 
to the parent ledge, especially where various agencies of weather- 
ing have acted along the joint cracks. Many loosely attached 
joint blocks of this kind are removed by the mere pressure of the 
current flowing against them. 

Transportation. — A process essential to erosion is transporta- 
tion, for, unless the rock materials which enter streams are carried 
away, there can be no wearing down of the land (erosion). This 
important process of erosion is separately considered a little 
beyond. 

Influence of Joints. — Mention has already been made of the 
influence of joints in aiding streams to push off blocks of rocks 
from ledges by mere impact of the current. Where running 
water enters joint cracks in the sides or bottom of a channel, the 
work of solution is increased because much larger surfaces of rock 
are exposed to the action In limestone or limy rocks, joint 
cracks are often so enlarged by solution that the joint blocks be- 
come easy prey to the pressure of the current which pushes them 
away. 

The work of corrasion is also made more effective by joints, 
particularly where they have been enlarged by solution, or by 
other weathering agencies, because more rock surfaces are then 
exposed to corrasive action along the bottom and sides of the 
channel. 


Transpoetation by Streams 

The Stream Load: How it is Carried. — All the material 
carried by a stream constitutes its load. The visible load consists 
of materials carried in suspension and rolled on the bottom, while 
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the invisible load is the mineral matter carried in solution. What 
are some of the sources of the visible stream load? This question 
may be readily answered by foEowing a typical, small, swift 
stream, especiaEy in time of flood, through its valley for a few 
miles, or even less. Materials are carried down the valley sides 
or slopes by rainwash, or by water from melting snow; landslides 
and avalanches, as weE as the slower movement of hillside creep 
(see p. 77) contribute considerable quantities of rock fragments 
of all sizes; loose deposits of clay, sand, gravel, and even boulders, 



Fig 129 

Channel cut by flood waters in about thirty nunutes, during 1923. Mouth 
of Willard Canyon, near Ogden, Utah. (Photo by Robert Nevms ) 

througli which the channel is being cut, easily become part of the 
load; solid rock of the valley walls, where imdercut by the current, 
falls into the stream; Joint blocks of both bottom and sides of the 
channel may be pushed off by the pressure of the current and be- 
come part of the load; and many fragments are supplied by the 
process of corrasion on the sides and bottom of the channel. 

Much of the material in solution (invisible load) is supplied to 
streams by underground waters where they emerge as springs in 
the stream valley, some is added as a direct result of the solvent 
action of rain water on the valley sides; and some is taken into 
solution by the stream itself from the rocks over which it flows. 
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The water in a stream does not move as a simple forward 
current, but rather it is subjected to very complicated mo- 
tions including the main current forward, upward and downward 
movements, and eddies and “ boils.” The secondary upward 
currents bring the finer rock fragments (sediment) into suspen- 
sion by carrying them up from the bottom of the stream. The 
coarser, heavier rock fragments are either pushed or rolled along 
on the bottom of the stream by the current. 

Law of Transportation. — Even a moderate increase in the 
velocity of a stream increases almost incredibly its power to 
transport rock debris. According to a well-established law of 
running water, the transporhng power of a current varies as the 
sixth power of the velocity. Thus a current which is just able to 
move a rock mass of a given size will, when its velocity is only 
doubled, be able to transport a mass of similar rock 64 times as 
large because 2 raised to the sixth power is 64. This is easily 
demonstrated in a simple way as follows : A current with a certain 
velocity can just move along a cubic inch of rock m the form of a 
cube. Now a cube of rock 64 times as large has 16 square inches 
on each face. When the velocity of the current is doubled it is 
evident that twice as many particles of water must strike each 
of the 16 square-inch surfaces of the larger block with twice the 
velocity or force. Accordingly, 64 times as much force must be 
exerted against the face of the larger block, or just enough to push 
it along. Since the sixth power of 3 is 729 it follows, according to 
this law, that by trebling the swiftness of the current its trans- 
porting power IS increased 729 times! 

When a stream rises very rapidly during a cloudburst, or 
when a dam suddenly gives way, the water rushes down a valley 
with high velocity. An understanding of the remarkable law of 
transportation helps us to comprehend why, imder such circum- 
stances, the water does so much damage, carrymg along massive 
bndges, big boulders, and even locomotives, as happened during 
the famous Johnstown flood of 1889- It is obvious, therefore, 
that even streams which are swift at times of low water have their 
power to transport rock debris greatly increased in times of floods. 
Not uncommonly a stream will, in a few days of flood, transport 
more material than in many days or even weeks of low water. 

It has been proved that a current with a velocity of only six 
inches per second can carry along fine sand; one flowing one foot 
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per second (or about two-thirds of a mile per hour) can move 
ordinary gravel; four feet per second (or nearly three miles 
per hour) pebbles weighing about two pounds; and 30 feet per 
second (or 20 males per hour) boulders weighing hundreds of tons. 

In all of our considerations of stream transportation, it should 
of course be borne in mind that, due to the buoyant action of 
water, a mass of average rock with a specific gravity of nearly 
three looses about one-third of its weight when immersed m water. 
This greatly facilitates the transporting power of currents. 

Graded and Overloaded Streams. — Most streams have 
sufficient velocity and volume to transport more material than is 
fed into them from tributary slopes and streams. Such a stream, 
therefore, has energy left to cut down its channel, that is to degrade 
it. As the down-cutting process goes on, the gradient (or decliv- 
ity) of the stream bed becomes more and more gentle until a 
condition is reached in which the whole energy of the stream is 
used up in transportation, and then degradation ceases. 

Some streams are unable to transport all the material which 
is fed mto them They are said to be overloaded. Not only does 
such a stream lack power to cut down its channel, but it actually 
deposits part of its load and so builds up its channel, that is 
aggrades it. As this process of aggradation goes on, the gradient 
of the building-up channel gradually becomes steeper imtil a 
condition is reached in which the whole energy of the stream is 
used in transportation. 

A stream which {las reached the balanced condition between 
downcutting and deposition is said to be at grade. In other words, 
a graded nver is one which, on the average, neither degrades nor 
aggrades, but is just able to carry the load supplied to it from 
tributary slopes and streams. Due to varying conditions, por- 
tions only of a stream may be temporarily graded. Also, a graded 
stream may degrade its channel during times of flood, while during 
times of lower water it may deposit, but it is the average condi- 
tion which should be considered 

Amount of Material Transported. — Within the lifetime of a 
human being, the ordinary river seems to accomplish little or 
nothing by way of enlarging its valley Within a relatively short 
part of geologic time, however, a large valley, or even a great 
canyon, may be carved out (eroded) by a stream. Thus, what is 
now the space occupied by the whole Connecticut Valley of 
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western New England was once filled by a mass of solid rock 
which, during the present (Cenozoic) era of geologic time, has been 
weathered and eroded, and the resulting materials carried away 
by the Connecticut River. Or again, the mighty Grand Canyon 
of Arizona has been formed since the middle of the present era as 
a result of the removal of a body of rock hundreds of miles long, 
8 to 15 miles wide, and thousands of feet thick (Fig. 163). So it 
IS with nearly all of the valleys and canyons of the world because, 
with relatively few exceptions, they have been carved out by the 
eroding and transporting power of the streams which they con- 
tain. It is, as would be expected, a general rule that the larger 
valleys are occupied by the larger streams 

According to a good estimate, more than 800,000,000 tons of 
material m suspension, solution, and rolled along are carried 
annually by the rivers of the United States into the sea Some 
conception of the amount of this material may be gained from the 
fact that a tram of ordinary freight cars long enough to contain 
it would reach around the earth at the equator more than six 
times! 

The Mississippi River drains more than one-third of the area 
of the United States proper. As a result of careful observations 
and tests it is known that this great river discharges annually 
about 577,000,000 tons of material into the Gulf of Mexico. 
About two-thirds of this is material m suspension, about one- 
fourth is material in solution, and about one-twelfth is rolled or 
dragged along the bottom. It all represents rock material re- 
moved from the Mississippi River drainage basin which covers a 
million and a quarter square miles. It should be remarked that 
much of the material in solution is supplied to the river by springs, 
the waters of which dissolve the material during their underground 
travels, mostly within a few hundred feet of the surface as ex- 
plained in Chapter XII. In view of the facts that the Missis- 
sippi basin is so vast, and that it includes such a great variety of 
topography, rocks, and climate, the river which drains it is, in pro- 
portion to its size, about an average one as regards the amount of 
burden carried. 


Rate oe Erosion 

Rate of Erosion of the Mississippi Basin. — AU lands are 
being more or less cut down (eroded) by streams, and estimates 
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of the rate at which certain rivers are lowering their drainage 
basins have been made. As a result of measurements and tests 
near the mouths of these rivers, the load of material carried yearly 
in suspension, solution, and rolled along by each of them has been 
determined. Since the burden represents rock material which 
has been removed from the whole drainage basin of a given stream, 
and the area of the basin is known, it is easy to calculate how 
thick a layer of this material of uniform depth would be if spread 
over the whole basin. The result of course represents the average 
yearly rate at which the drainage basm is being eroded. Data 
regarding the Mississippi River are unusually accurate. The 
area of its drainage basin is 1,265,000 square miles. As a result 
only of the material carried in suspension and solution, the Missis- 
sippi Basin is being lowered at an average rate of one foot in 
approximately 6120 years (U.S. G S. Water-Supply Paper 234). 
Considering also the amount of material rolled along the bottom 
of the river, the drainage basin of the mighty river is being 
lowered at an average rate of one foot in from 5000 to 5500 years. 
Although it should be understood that this figure is the result of 
only an estimate, it is nevertheless probably accurate to within 10 
per cent, and thus gives a good idea of the order of magmtude 
of the rate of erosion by the Mississippi River. In regard to rate 
of stream erosion, the Mississippi is probably not far from 
the average for the streams of the world which enter the sea. 
Some, however, erode much faster, and others much slower. Thus 
it has been estimated that the Ganges River of India cuts down 
its drainage basin more than twice as fast as the Mississippi. 
This IS not only because of the much greater average swiftness of 
the river, but also because of the unusually heavy rainfall over 
its basin. In the case of the Danube River of Europe the rate of 
erosion is much less, being one foot in nearly 7000 years. 

Rate of Erosion of the United States. — According to estimates 
made by the Geological Survey, the rivers of the United States 
transport yearly to tide water 513,000,000 tons of material in sus- 
pension, and 270,000,000 tons in solution. Adding the somewhat 
less accurately known quantity of material rolled along on the 
bottom, the grand total transported to tide water yearly by the 
rivers of the Umted States is considerably more than 800,000,000 
tons. If the erosive energy thus expended could have been con- 
centrated upon the Isthmus of Panama, the work of excavation 
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for the canal would have been accomphshed in a httle over two 
months. 

All factors considered, and using the best available estimates 
for the rivers, the surface of the United States is being worn down 
at the rate of one foot in about 8000 years. This figure is higher 
than the rate for the Mississippi River because the large area 
called the Great Basin in the western interior of the country has 
no drainage outlet whatever to the sea, and other areas like 
Florida are so low that the average level of the land is either not 
being lowered, or the rate of erosion is notably less than for the 
Mississippi Basin. 

Time Necessary to Wear Away North America. — The rate 
at which the continent of North America is being cut down is 
probably approximately the same as that for the United States, 
that is one foot m about 8000 years. Since the average height of 
North America is about 2000 feet it is clear that the streams 
eroding at their present rate could not cut it down to sea level m 
less than 16,000,000 years. As a matter of fact, the time required 
would be much longer than 16,000,000 years for, as the land would 
gradually become lower, the power of the streams to erode, or, 
in other words, the rate of erosion, would steadily become less and 
less. When we realize that large and small portions of continents 
have been worn down to the condition of plains, or nearly so, 
during various periods of the known history of the earth, we are 
forced to conclude that running water has been at work on the 
face of the earth for many millions of years. 

In this general connection the reader should bear in mind that 
whole continents would seldom if ever be even approximately 
leveled, because, within such wide areas, constructive forces of 
diastrophism or volcanic activity would operate to maintain the 
land. 


Valley Development by Streams 

Most Valleys Formed by Stream Erosion. — Nearly all streams 
flow in more or less well-defined valleys. Most of these streams 
by far flow through valleys which have been carved out by the 
erosive work of the streams. Some reasons for so believing are 
that valleys vary in size according to the size of the streams which 
occupy them, that is the larger the valley the larger the stream in 
it; tributary streams and valleys are smaller than the ones they 
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join; a vast majority of tributary valleys and their streams enter 
larger valleys at accordant levels, that is at the same elevation 
as the floors of the larger valleys, and many streams, aided by 
ordinary processes of weathering, are definitely known to be 
deepening and widening their valleys. 

Some valleys were, however, ready-made for the streams 
which occupy them. These are usually structural valleys, so-called 
because they have been formed by earth-crust movements {dias- 
trophism) Some structural valleys, like the Owens Valley in Cali- 
fornia, and the Jordan Valley in Palestine, each many miles long 
and thousands of feet deep, were formed by the subsidence (down- 
faulting) of long, relatively narrow blocks of the earth^s crust. 
Certain others, like the Great Valley of California, were formed 
by uplift of land into hills or mountains on either side of the 
valley. 

How Stream Valleys Begin. — A new land surface formed in 
any manner, as for example by the draimng of a lake, or by the 
uplift of land (out of the sea in many cases), soon has a drainage 
system estabhshed upon it. Water from rainfall or melting snow 
does not flow umformly over the more or less uneven new surface, 
but it very soon tends to concentrate in the depressions, and 
begins to run off in streams. These initial streams begin to carve 
out gullies which, with every fresh supply of water, become 
deeper, longer, and wider (Fig 125). After a time the gullies are 
large enough to be called valleys. Many gullies may start on a 
new steep slope, but as time goes on certain of them become wider 
and take in smaller adjacent ones, and so relatively few of the 
original gullies really ever become valleys of considerable size. 

Not aU stream-cut valleys have started their development in 
the form of gulhes. Thus over a great portion of northern North 
America the vast glacier of the Ice Age (see p. 229) left widespread, 
irregular accumulations of rock debris over large portions of the 
area from which it retreated by melting. “ Large parts of the 
surface were left without weU-defined valleys, but with numerous 
lakes (e.g. Wisconsin and Minnesota). The rainfall of the region 
was enough to make these lakes overflow. Where a lake over- 
flows, the outgoing water follows the lowest line accessible to it, 
so long as there is a line of descent. In this case, the running 
water will start to cut a valley all the way from the lake which 
furnishes the water to the end of the stream at the same time. 
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No part of such a valley is much older than another/^ (R. D. 
Salisbury.) Such a valley is of course not a grown-up gully. 

How Valleys Lengthen. — Water which flows into the upper 
end of a gully or valley cuts back its head by erosion. By such a 
process of headward erosion^ a gully or valley is lengthened A 
valley head is seldom cut back (lengthened) in a straight line. 
One reason for this is that differences in the character of the rock 
material cause headward erosion to proceed more easily in some 
places than m others Another is that irregularities of the surface 
cause the water which flows into the head of the gully or valley to 
be concentrated first in one position and then m another. For 
such reasons the headward erosion proceeds irregularly, and thus 
the crookedness of so many valleys is accounted for. 

If a large spring is located at the head of a valley, the dissolv- 
ing and imdermimng action of the spring water may aid headward 
erosion considerably by recession of the spring head. 

The lengthening of a valley ends when a permanent divide 
(division of drainage) is developed, because then the amount of 
erosion on one side of the divide is counterbalanced by that on 
the other side. 

Valley Deepening: Base Level. — A vaUey is deepened by 
the cutting down (degradation) of its floor by the erosive action 
of the stream which flows through it. The excavation of the 
valley is brought about by all the processes of erosion — weather- 
ing, corrasion, solution, pressure, and transportation — which we 
have already discussed. According to varying conditions, such 
as swiftness and volume of water, supply of tools, climate, rock 
character, and rock structure, these different erosive processes 
operate with varying degrees of effectiveness. 

As time goes on, and if no other process intervenes, the power 
of a stream to cut down (degrade) its valley gradually diminishes, 
because of lessening velocity, until a limit is reached below which 
it cannot degrade. The l im it is the level of the sea, lake, or valley 
floor into which the stream empties, but obviously only the lower 
course of the valley can ever actually reach the hmit because there 
must be at least a slight slope (gradient) farther up the valley in 
order that the stream may continue to flow. The lowest level to 
which a stream can cut down (degrade) its valley bottom is called 
base level. In this connection it should be remarked that the 
c hann el of a stream may be actually a little below the level of the 
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standing water into which it flows. Thus at and near the mouth 
of the Mississippi the channel of the river is as much as 100 feet 
below tide water because the current of the mighty river is able 
to keep its channel scoured to that depth as it rushes into the 
Gulf of Mexico. 

It follows as a corollary to the preceding statements that very 
deep stream-cut valleys, and the special forms of valleys called 



Pig. 130 

A meandering stream in a small valley, South Russell, St. Lawrence County, 
New York. (Photo by the author.) 

canyons, can be developed only in lands high above sea level 
because the higher the land the deeper can a stream erode before 
approaching base level. This explains why very deep valleys and 
canyons are found invariably in plateaus and mountains, as for 
example the Grand Canyon of Arizona in the Colorado Plateau, 
and the very deep, narrow canyons, such as Yosemite and Kings 
River, in the Sierra Nevada Range of California 

How Valleys Widen* — Most valleys are much wider than the 
streams which flow through them, but it by no means follows that 
the streams were ever necessarily wider or larger than they now 
are. If a valley developed wholly by the down-cutting action of a 
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stream, the valley would be no wider than the stream, and its 
walls would be vertical. This latter type of valley (or rather 
gorge) is approached where all conditions for down-cutting are 
so favorable that they greatly predominate over other factors 
which operate to widen the valley. An excellent case in point is 
the upper end of Zion Canyon, Utah, which is over 2000 feet 
deep with nearly vertical walls which are m places not more than 
100 to 200 feet apart at the top (Fig. 132). 

Some of the ways by which the great majority of valleys are 
made wider across their tops are the following: Loose, weathered 
materials are washed down the valley sides by rain. If the slopes 
are steep, some mate- 
rials roll down, and 
loose materials espe- 
cially when they are 
soaked with water, may 
creep or slump to lower 
levels. On steep 
slopes, rock material 
may move down sud- 
denly in the form of 
landslides (Fig . 133) . 

Talus piles accumulate 
at the bases of very Fig. 131 

steep valley walls as a The oxbow of the Connecticut River near 
result of weathering . Northampton, Massachusetts, formed in 1841. 

Tvyr X • 1 u* u (Photo by the author ) 

Materials which move ^ ^ 

to the bottoms of valley sides in these and other ways are usually 

carried away by the streams in the valleys, and thus the tops and 

sides of valleys which are occupied by actively down-cutting 

streams steadily become wider. Then, too, since streams are 

rarely if ever straight, the current in many places strikes one 

side of the channel with greater force than the other. Thus, 

while a stream is cutting its channel deeper, it is also doing 

some direct work of lateral erosion, and so widening its vaUey at 

the bottom. Valley widening of this kind is, however, mostly 

accomplished by streams at or near grade as will next be explained. 

Lateral Erosion: Meanders, Oxbows, and Flood Plains. — 
Some work of lateral erosion is accompli^ed by rather actively 
Hnwn-cnftiup* streams, as lust exolained, but the most effective 
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work of this kind is done by streams with relatively low velocities 
and little or no down-cutting power, that is by streams at or near a 
graded condition Such a stream may flow upon an original 
nearly flat surface, or in any valley, or portion of a valley, where 
a graded, or nearly graded, condition has been reached. In a 
slow-moving stream of this kind, the current is easily turned 



Fig. 132 

A very narrow, steep-sided canyon 2000 feet 
deep The Narrows, Zion Canyon, Utah 
(Photo by the author ) 


against one side or the 
other of its channel. This 
may be brought ajDOut 
where the swifter current 
of a tributary enters, or by 
some obstacle like a rock, 
or where the material of 
one bank is more easily 
eroded than that on the 
opposite side. 

If for any reason the 
main current of a slow- 
moving stream strikes 
with greater force against 
one bank, it will be eroded 
sidewise, and from there 
the current will be de- 
flected against the opposite 
bank somewhat farther 
down stream, causing lat- 
eral erosion to take place 
there. By a continuation 
of such a process, with the 
points of attack shifting 
down stream httle by little, 
a series of sweeping curves 


called meanders develops (Fig. 141). Such meanders become 


more and more pronounced as a graded condition is approached 
by the stream, and they finally become a series of loops mostly 
separated by only narrow necks. Finally the necks are cut 
through one by one, and cut-off meanders, called oxbows, are 
formed, marking the old channel. Meanwhile other meanders 


and loops develop. 

Wide flats, called flood-plains (Fig. 140) because they are 
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flooded at times of high water, are developed by this process. 
The lower reaches of some great rivers, as for example the low’er 
Mississippi River, have developed flood plains 20 to 75 miles 
wide, and hundreds of miles long. Farther and farther upstream 
the flood plains usually become less and less prominent. Meanders 
and oxbow lakes are wonderfully developed on large scales for 
several hundred miles over the flood plain of the lower Mississippi 
River. The oxbow lakes are there called bayous. Oxbow lakes 
gradually fill with silt and vegetable matter first to form marshes 
and finally meadow land 

Tributary Valleys : River Systems. — In most cases by far a 
valley has other valleys tributary to it, and these in turn branch 



Structure section illustrating the great landshde at Frank, Alberta, Canada, 
in 1903 (After McConnell and Brock.) 

repeatedly into smaller and smaller tributaries. Tributary valleys 
usually begin as guUies on the sides of the main valley of a region 
either where the rocks are of uniform hardness, but where rain 
water moving down the slopes tends to concentrate somewhat 
more along certain paths than others, and hence to erode faster 
there, or where the materials of the slopes are locally weaker and 
hence more easily eroded A gully once started by such a process 
develops into a valley on the sides of which other gulhes form 
until, under ordinary conditions, a whole system of branching 
valleys covers a region A valley system thus comprises a mam 
valley with all of its tributary valleys, while a river system com- 
prises a main stream and all of its tributary streams. The whole 
area drained by a river system is called a drainage basin. 

Accordance of Tributary Valleys. — In normal valley and 
river systems, it is almost always true that a tributary enters its 
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parent valley and stream at grade, that is at the same elevation 
as the mam stream. Such streams and valleys are therefore said 
to be accordant. In a river system which is very actively degrad- 
ing its valleys it might be presumed that tributaries, with their 
smaller volumes of water, would not be able to cut down the lower 
ends of their valleys as fast as the main streams into which they 

flow. The fact is, 
however, that, as a 
mam stream sinks 
its channel, the 
slope or gradient at 
and near the mouth 
of the tributary 
stream is increased 
enough to enable the 
latter, through its 
augmented velocity, 
to cut down as fast 
as the main stream 

Sketch map showing an early stage of the mean- Jjj, gpite of lesser 
dermg of a stream. (From Tarr’s New Physical yqI e 
Geography, by permission of the Macmillan 

Company.) 1^ cases where 

main valleys have 

had their sides (especially toward the bottom) cut back and 
steepened by glacial erosion, or where they have been interfered 
with by certain other processes, tributaries may enter mam 
valleys at discordant levels. 

Stages of VaUey History. — When any new land surface of at 
least moderate altitude is subjected to erosion by streams, the 
valleys which develop pass through stages of youth, maturity, 
and old age. These stages show certain characteristics by which 
they can be recognized. 

A young valley is narrow and steep-sided because down-cutting 
has thus far greatly predominated over processes of valley widen- 
ing (Fig. 147). Tributaries are few in number, short, and not 
well developed. Streams on high lands which are new soon carve 
out deep valleys with V-shaped cross-sections. Although on 
newly exposed low lands with gentle slopes the young valleys 
are of course shallow, they are, nevertheless, narrow and steep- 
sided. 



THE WORK OF STREAMS 


163 


A mature valley is wider, less steep-sided, and usually deeper 
than a young valley (Fig. 151). It generally has numerous, rela- 
tively large, well-developed tributaries. Well along in maturity 
a flat begins to develop in the bottom of the valley because 
the stream in it is approaching grade, which means a steady 
diminution of down-cutting power, and an increase in its work of 
lateral erosion. 

An old valley shows gently sloping sides, moderate to shallow 
depth, and fewer tributaries than a mature valley. A wide, 
nearly level floor (flood plain) also charactenzes an old valley 
because down-cutting by its stream has practically ceased, and 
lateral erosion has developed the broad flats (see p. 160) over which 
the stream flows in a sweeping, meandering course. 


Deposition by Streams 

Why Streams Deposit. — It should not be assumed from the 
preceding discussions that streams are ever 3 rwhere constantly 
engaged m cutting down their channels, and so deepening their 
valleys. Although the great goal of stream work is to wear down 
the land to near sea level, it is nevertheless true that running 
water does, under certain conditions, deposit sediment. The 
transportation of sediment by streams into the sea, or mto inland 
basms, is by no means direct and uninterrupted. Some of the 
stream load may be temporarily dropped, while some or aU of it 
may be permanently deposited. 

The principal cause of stream deposition is diminution of 
velocity. It is a law of rumung water that a partial or complete 
checking of the velocity of a stream loaded with sediment causes 
deposition of a part or all of its load. Loss of velocity of a stream 
may be brought about (1) by decrease of slope of the stream bed, 
especially in the lower parts of a large vaUey; (2) by a decrease 
in volume, which always means reduced velocity, as when a stream 
flows through an arid region where loss by rapid evaporation and 
sinking into the ground is not counterbalanced by new supplies 
from springs and tributaries; (3) by a change in the shape of the 
channel, as when a stream enters a wide, crooked channel just after 
emerging from a relatively straight, narrow channel; (4) by 
encoimtering any obstacle such as a boulder or stranded log in a 
relatively sluggish stream when a sand-bar or even an island may 
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begin to develop; (5) by entering a body of standing water when 
the current is completely checked, and the whole burden of 
sediment is dropped. Deposition also takes place where a swift 
tributary carries more sediment into a slow-moving larger stream 
than the latter can carry. 

Alluvial Cones and Fans. — When a swift, sediment-laden 
stream emerges at the base of a steep slope from a gully, gorge, 
canyon, or even ordinary valley upon a more nearly level lowland, 



Fig 135 

Alluvial cones at mouths of canyons in southern Utah. (After U S Geo- 
logical Survey) 


there is a tendency for the load to deposit at and near the base of 
the slope. This is mainly because the velocity of the swift stream 
is suddenly checked. Such an accumulation of rock debris is 
generally in the shape of a partial cone. It is called an alluvial 
cone when it is steep, and an alluvial fan when its angle of slope is 
relatively low. Cones and fans vary in width from a few feet to a 
good many miles, and in thickness from a few feet to many hun- 
dreds of feet They are grandly displayed in the drier portions 
of the United States at the bases of mountains, as for example in 
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Utah (Fig. 135), Nevada, and southern California. An alluvial 
fan about 40 miles wide has been built by the Merced River 
where it descends from the Sierra Nevada Range upon the nearly 
level floor of the Great Valley of Califorma. Where Kings River 
enters the same valley, there has been such an extensive alluvial 
fan development across the valley floor that the northward drain- 
age has been blocked enough to pond the waters into a large 
shallow lake (Lake Tulare). 

The shape of the alluvial cone or fan may be explained as 
follows: At the mouth of the valley of the swift, sediment-laden 
stream the check in velocity causes deposition of some of the load 
in the channel, thus 
choking it, and causing 
some of the water to 
spread around the ob- 
struction The minor 
streams in turn become 
choked. Locally some 
water breaks over the 
sides of the channels, 
and so develops new 
channels. By many 
repetitions of these 
processes, branching Fig. 136 

channels, known as dts- A smail alluvial cone at the end ot a gully. 
tributaries, are formed. New York. (Photo by the 

Much of the deposition ^ 

takes place at the mouth of the valley or canyon, and directly 
in front of it, but considerable portions of the sediment spread 
out on either side, and so the cone or fan-shaped form is developed. 
A factor which greatly aids the accumulation of the deposit, espe- 
cially after a cone or fan has been well started, is decrease m 
volume of water, and hence m carrying power, because so much 
of the water sinks into the porous fan material 

Piedmont alluvial plains are made by the coalescence of two or 
more alluvial fans which are bmlt up by neighboring streams. 
They are really compound alluvial fans. Wonderful illustrations 
of them are at the foot of the mountains between Pasadena and 
Redlands in California where they are largely covered with many 
miles of orange groves. In Colorado, Wyoming, and Montana, 
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the rivers which flow eastward out of the Rocky Mountains hav< 
developed coalescing alluvial fans into a practically continuoui 
sheet several hundred miles long, many miles wide, and not un 
commonly hundreds of feet thick, from the base of the very steej 
Front Range eastward upon the Great Plains. The character anc 
structure of the materials, as well as the fossil remains of lane 
plants and animals in them, prove that the deposits were formec 
on land through the agency of water. 

AUuvial cones and fans are most conspicuously developed ir 
mountainous regions with and or semi-arid climate not only be- 
cause streams in the mountains are in general much better supphed 

with water than those 
upon the lower levels^ 
but also because, as is 
characteristic of the 
drier regions, the rain 
storms may not uncom- 
monly be of the nature 
of downpours or cloud- 
bursts. Such condi- 
tions are of course very 
favorable for the devel- 
opment of alluvial cones 
and fans. It should 
not be presumed, how- 
ever, that alluvial cones 
and fans are rare in 
humid regions. In such 
regions small cones or fans may be seen at the mouths of gullies 
or small valleys where the soil is very sandy or gravelly, and 
where much of the sediment-laden water emerging from the gully 
or vaUey upon the lowland soaks into the porous material (Fig. 
136). The courses of some rivers have been notably obstructed 
as a result of the building of alluvial fans into them by tributary 
streams. Such a river is forced to flow around the outer border of 
the fan, and over to the opposite side of the vaUey. A good case 
in point is Lake Peoria in the Illinois River. In Switzerland the 
river which emerges from the Lauterbrunnen Valley has built 
an alluvial fan into and across a long, narrow lake, dividing it into 
two parts, Lake Thun and Lake Brienz. 



Fig. 137 

A combination talus slope and alluvial cone. 
Near Lake Louise, Alberta, Canada. (Photo 
by the author.) 
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Stream-bed Deposits. — W"e have already shown how rela- 
tively swift tributaries sometimes carry so much material, or such 
coarse rock fragments, into the bed or channel of a main stream 
that a partial dam is built across the latter. T his is because the 
current of the main stream is not strong enough to keep the 
material removed. Such a deposit is really a special type of allu- 
vial fan like that already cited as partially blockadmg the Illinois 
River to form Lake Peoria. Where some of the short, very swift 
tributaries of the Colorado River in the Grand Canyon of Arizona 
feed such large amounts of coarse rock fragments mto the river. 



Fig 138 

A braided stream. Each square represents a square mile. South Platte 
River, Sutherland, Nebraska (After U. S Geological Survey.) 

the latter, in spite of its swiftness, is not able to remove the 
fragments fast enough to prevent local ponding of its water. 

The current of an ordinary stream is so irregular that while, 
at a given time, much sediment is being moved down stream, some 
may be deposited in the back water of eddies, or in portions of the 
channel where the current is less rapid. 

A stream which is carrying a load of sediment during a flooded 
condition must, as the flood declines, deposit part of its load in 
the channel because of loss of volume and velocity. Stream-bed 
deposits formed in the various ways just mentioned are, however, r 
usually only temporary and of very local extent. 
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Stream-bed deposits assume much greater importance in th 
cases of streams which, on the average, tend to be overbade* 
and so are forced to deposit much of their sediment. Such stream 
build up (aggrade) their beds. An excellent illustration of thi 
principle is the Platte River. Its two main tributaries (North an( 
South Platte) are very swift and, therefore, able to carry unusuall 
heavy burdens of sediment in times of flood These two tribu 
taries, as well as the mam stream formed by their confluence, los* 



Fig. 139 

Braided channel of an aggrading stream North Platte River on Nebraska 
Wyoming state line. (After Barton, U S. Geological Survey.) 


much of their velocity and considerable volume through evapora 
tion when they emerge from the mountains, and jflow out upoi 
the drier and much more gently sloping Great Plains of Nebraska 
As a consequence of check in velocity and diminution of volume 
much deposition takes place, and the river bed is gradually being 
built up. A considerable portion of the load is more or less movec 
along during high water, but when the flood subsides extensive 
deposition takes place. 

A stream hke the Platte River is an excellent example of 2 
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braided stream^ that is one which does not flow in a single definite 
channel, but rather in a network of ever changing, branching, and 
reuniting channels (Fig. 138). The local portions of the stream 
flowing in such channels are called distributaries. They are easily 
explained as follows: When sediment is deposited on the bed of a 
channel the latter becomes too small to hold all the water, part of 
which then breaks over the side and flows in a new course. TVTien 
the new channel becomes sufficiently clogged it in turn develops 
branches By many repetitions of such a process and the frequent 
reumtmg of channels, the network of courses of a braided stream 
is produced. The braided course does not exist as such during 
high water because 
then the whole flat, 
which during lower 
water contains the 
network of channels, 
is covered by the 
stream. 

Gravel or sand bars 
form in some streams 
which do not become 
braided. These are 
most likely to develop 
at times of low water. 

A given bar may be partly or wholly cut away by high water 
(with increased velocity), or it may last for some time as a low- 
water island. 

Meander Deposits. — When a stream reaches a graded, or 
approximately graded, condition, and develops meanders, it does 
so by a twofold process of cut-and-fiU. While the current which 
is directed against the bank of the outer portion of a meander 
is there performing the work of lateral cutting or erosion, the 
current is relatively slack on the side of the channel directly 
opposite, and so deposition takes place there up to flood level On 
the side where cutting takes place, the bank is steep and the water 
deepest, while on the opposite (filling) side the bank slopes gently, 
and the water is shallowest. If it were not for this two-fold 
process of filling on one side of the channel, and cutting into the 
opposite bank, the meander could not long continue to develop 
because cutting alone would widen the channel to such an extent 



Fig 140 

Diagram lUxistrating river flood plam, deposits, 
and natural levees Dotted Ime shows high- 
water level. (Drawn by the author.) 
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that the greatly weakened current would lose its power of lateral 
erosion (Fig. 135). 

Flood-plain Deposits. — In most cases by far flats on valley 
bottoms are developed by the lateral erosion of streams, par- 
ticularly when they are graded or nearly so. This process has 
already been explained. In some cases valley-bottom flats are 

formed by aggradation, as is 
the case when any land area 
with its valley subsides so 
much that enough deposition 
of sediment must take place 
in the valley to build up its 
floor to a graded condition. 
However they are formed, 
valley flats subject to over- 
flow during high water are 
called flood plains, defined 
on page 160. 

When a typical flood 
plain is covered by high 
water the current following 
the main (low water) chan- 
nel has its velocity greatly 
augmented so that not only 
IS its power to transport 
increased, but also it then 
actually erodes (cuts down) 
Pig. 141 its channel. In the mean- 

Meanders and oxbow lakes of part of fi^ae the sediment-laden 
Mississippi Eiver flood plain m 1883 water over the flood plain 
(heavy lines) and 1896 (dotted lines), has a velocity much less 

(By W'ta Daw, based upon Gov- than that of the main 
emment Suxve^rs ) x j. i 

current so that some de- 
position takes place there (Fig. 140) It should not be inferred 
from this that flood plains always build up very much through 
deposition because, if a stream is practically graded and the land 
is not subsiding, the shifting of meanders back and forth all over 
the flood plain from one side to the other keeps the average level 
of the plain from changing very much 

When muddy water covers the flood plain of a river, the 
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conditions for deposition are most favorable along the edges of 
the main channel because there the sediment-laden current of the 
swift-moving channel water is suddenly greatly checked by fric- 
tion against the slower moving waters of the flood plain. Because 
of this sudden diminution of carrying power along the edges of the 
main channel, more and coarser materials deposit there than over 
the general flood plain surface. Low ndges of such origin are called 
natural levees (Fig. 140). Such levees can build up only to higher 
flood levels, and so they cannot, in the course of time, keep high 
waters from overflowing the flood plain. They are often built up 
artificially to prevent streams from overflowing their flood plains. 

Some Great Floods. — The portion of the lower valley of the great 
Mississippi River which is subject to floods (i.e , the floodplain) covers an area 
of about 30,000 square miles It reaches from above the mouth of the Ohio 
River to the Gulf of Mexico — an air Ime distance of 600 miles, or about 
twice that far if measured along the meandering course of the stream. On 
account of the richness of the alluvial soil many people hve on this vast flood 
plain in spite of the fact that wide portions of it are subject to more or less 
disastrous floods Thus m 1903 a portion of the flood plam located in the 
state of Mississippi became inundated, driving 65,000 people from their homes, 
flooding half the city of Greenville (population 8000), suspendmg traffic for 
20 days, and causing great damage to property. The floods of 1881, 1882, 
1884, and 1897 on portions of the Mississippi River flood plain were particu- 
larly disastrous, that of 1897 covering thousands of square miles, and causing 
great mconvemence and a property loss of many milhons of dollars to over 
50,000 people Worst of all was the great flood of 1912 m the lower Mississippi 
Valley when the cities of Memphis, Vicksburg and New Orleans all suffered 
severely Fully 30,000 people were rendered homeless north of Louisiana, and 
over 100,000 in that state lost much property. It has been estimated that this 
single flood caused a direct loss of fully $75,000,000 dollars. 

The famous Dayton, Ohio, flood of 1913 was caused by five days of 
heavy rainfall over the Miami and Scioto River Basins, on groimd that was 
already soaked More than 200 towns were more or less inundated, and over 
400 people lost their hves Dayton, which is built mainly upon the flood plam 
of the Miami, suffered most The flood passed over levees more than 20 feet 
high, and covered much of the city with water 10 feet deep The property 
damage was about $30,000,000. At the same time great damage was done m 
the city of Columbus situated on the Scioto River, Although many hundreds 
of miles of artificial levees have been constructed to more or less effectively 
control much of the flood water of the Mississippi, nevertheless the river not 
infrequently breaks through portions of the artificial embankments and floods 
local portions of the great flood plain. 

The famous Passaic River flood of 1902 in northern New Jersey caused 
damage to the extent of TniHions of dollars, especially in Passaic and Paterson. 

The disastrous Johnstown, Pennsylvania, flood of 1889 was due to the 
giving way of a dam as a result of heavy rams, and over 2000 people were 
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droTvmed The examples given are only a few of the more destructive of the 
many river floods which have affected various parts of the Umted States during 
the last half-centur}’- 

Probably the most awful river floods of known human history have been 
those of the Hwang-ho China^s sorrow ”) of Chma The vast flood plain, 
which is really a delta (see beyond), is 400 miles long and from 100 to 300 
miles wide. Its fertile soil has been densely populated for many hundreds of 
years. A few of the more recent greatest floods took place in 1820, 1858, 
1887, and 1892. In each case many villages were wiped away and great 
numbers of people were drowned One of the most terrible floods was that 
of 1887 w^hen more than 1,000,000 people lost their hves either through 
drowmng or starvation, and hundreds of villages were destroyed In 1892 
the mighty nver shifted its course during a flood on the delta flood plain to 
such an extent that its mouth was about 300 miles farther north after the 
flood subsided Just before the flood the nver emptied mto the Yellow Sea 
(Fig. 142) Ever since the flood it has emptied into the Gulf of Pechih A 
number of shifts back and forth from the Sea to the Gulf have occurred withm 
the last few thousand years 


Deltas 

Cause of Deltas. — Much sediment carried by a stream finally 
reaches its mouth. If the stream flows mto a lake or the ocean, 
the velocity of the current is largely or wholly checked, and thus 
much or all of the sediment must be deposited. The destination of 
most streams is the sea, and, where tides or shore currents in the 
sea are relatively weak, the discharged sediments accumulate 
mainly at and near the mouths of the streams in the form of flat, 
partly submerged, fan-shaped deposits called deltas. The name 
has been given because of the crudely triangular shape similar to 
the fourth letter of the Greek alphabet If there are strong tides 
or shore currents in the body of water which the stream enters, 
or if the amount of sediment discharged by the stream is relatively 
small, the tendency is either for the sediment to be swept so far 
away from the mouth of the stream that no delta will form, or 
only a small or imperfect one will develop. Another reason for 
the absence of deltas from the mouths of many existing rivers 
(even some large ones) is the sinking of the land, causing notable 
submergence of the mouths of the rivers so recently that there 
has not been time enough for the discharged sediments to build up 
real delta deposits around the newly located mouths. 

Examples of Deltas. — Some examples illustrative of the prin- 
ciples just explained wiU now be given. Very large and typical 
deltas have been, and are being, formed where big rivers empty 



THE WORK OF STREA:MS 


173 


into certain lakes or nearly enclosed arms of the sea Thus the 
great Nile River has built into the Mediterranean Sea a very 
typical delta covering about 10,000 square miles (Fig. 143). The 
Mississippi River has extended its delta of 12,000 square miles 
some 200 miles into the Gulf of Mexico (Fig. 144). Extensive 
deltas have been built by the Danube River into the Black Sea, 
and by the Volga River into the Caspian Sea. In the face of 
considerable tidal action, the Hwang-ho River of China has built 
into the Yellow Sea a vast delta of fully 100,000 square miles 
(Fig. 142). The com- 
bined Ganges and 
Brahmaputra Rivers 
of India have, in 
spite of very consid- 
erable tides, formed a 
delta covermg fully 
50,000 square miles. 

The two deltas last 
named have formed in 
spite of rather adverse 
tidal conditions be- 
cause of the unusually 
great quantities of 
sediment discharged 
by the rivers. Deltas 
of even moderate size 



Fig. 142 


are absent from the 
Atlantic Coast of 
North America, not 


Delta of the Hwang-ho River, China. (From 
Tarr's New Physical Geography by permission 
of the Macmillan Company.) 


only because of strong tidal action, but also because of notable 


subsidence of the land very recently (geologically considered) 


with resultant submergence (“ drowning ”) of the lower portions 


of the rivers. This is strikingly illustrated by the St. Lawrence 


and the Hudson Rivers. 


The Delta Surface. — What are some of the characteristic 


features of the common type of delta? Its surface is a wide, 
nearly flat, usually fan-shaped plain mostly a little above, and 
partly a little below, the level of the body of water into which 
it grows. Thus about two-thirds of the surface of the Mississippi 
delta is above water imder ordinary conditions, but most of it is 
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inundated by high water during a flood The great bulk of delta 
material is, however, always under water, and thus it differs from 
an alluvial cone or fan whose material is wholly, or largely, on 
land. Another almost universal feature of a delta surface is the 
presence of distributaries ^ that is, branches into which the stream 
splits in increasing number, beginning at the head (upper end) of 
the delta. These distributaries wander over the delta plain in an 
ever widening network, and so a delta-forming river always has 
several or many mouths (Figs 143 and 144). 

Delta Structure. — The delta shows a characteristic structure 
because of the special conditions under which deposition of the 

sediment takes place. 
Thus the steep front 
(Fig. 145), so charac- 
teristic of a delta, 
results from rapid 
deposition of the 
coarser sediment layer 
upon layer where the 
onrushing sediment- 
laden stream (or each 
mouth of the stream) 
meets the relatively 
deeper standing water 
into which the stream 
flows. These steeply 
inclined layers are 
called fore-^set beds 
(Fig. 145). They make up the greater bulk of the delta pile. The 
finer sediments spread out m layers over the floor of the lake 
or sea to a greater or less distance out from the base of the 
steep front of the delta. These layers are called the bottom-set beds. 
The earlier formed bottom-set beds of course become buried under 
the fore-set beds. The top-set beds are deposited by the stream 
on top of the fore-set beds as the latter advance into sea or 
lake and shoal the water. They build up, for the most part, to 
a little above the level of sea or lake in layers which slope very 
gently seaward or lakeward. 

Rate of Growth of Deltas. — Some rather accurate data 
regarding the rate of growth of various deltas are known. A few 



Fig. 143 

Delta of the Nile. Depth of water in meters 
(After J. BarreH). 
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examples will be mentioned One mouth of the Mississippi Ri v^e 
is growing into the Gulf of Mexico at the phenomenal rate o 
one mile in 16 years (Fig. 146). The River Po has extended it! 
delta 14 miles into the Adriatic Sea in 1800 years as proved b} 



Fig. 144 

Map of part of the Mississippi delta about the year 1885. Width of map 
area, 106 miles. Depth of water m fathoms (After U. S. Coast and 
Geodetic Survey.) 

the fact that Adria, a seaport at the mouth of the river, 1800 
years ago, is now 14 miles inland. The Rhone River has been 
building its delta into the Mediterranean Sea at the rate of one 
mile in 100 years for many centuries. The ancient seaport of 
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Rome is now three miles inland because of delta extension by the 
Tiber River. But by no means do all deltas build out so fast. 
Thus the great delta of the Nile has grown seaward but httle in 
2000 years because a current sweeping along the delta front is 
strong enough to keep the sediment removed about as fast as it is 
supphed by the nver. The Amazon River has not been able to 
build a delta deposit even up to sea level because of the very 
strong tides and sea waves, though it has constructed an extensive 
submarine delta covered by water less than 60 feet deep. 

Subsidence of Deltas. — Many of the great deltas of the world 
have been slowly subsiding while deposition of sediment has been 
going on. Where the rate of deposition has been somewhat faster 
than the rate of sinking, typical deltas have developed, but where 
subsidence has been predominant, even with other conditions 



Fig. 145 

Ideal structure section of a delta. T = top-set beds; B = bottom-set beds; 
F = fore-set beds (Modified after G K. Gilbert ) 

favorable, deltas have not been built up above sea level. Thus 
the Ganges, Nile, and Mississippi Rivers have built up very 
extensive deltas in spite of subsidence of fully hundreds of feet. 
This has been proved by borings into the deposits. By this 
method “ layers of peat, old soils, and forest grounds with the 
stumps of trees are discovered hundreds of feet below sea level. 
In the Nile delta some eight layers of coarse gravel were found 
interbedded with river silts, and in the Ganges delta at Calcutta 
a boring nearly 500 feet in depth stopped in such a layer (W. H. 
Norton). These are of course top-set beds which have, along 
with the underlying fore-set and bottom-set beds, subsided. 
Deltas of any consequence are absent from the middle Atlantic 
coast of North America because of very recent sinking of the 
land, causing the development of estuaries (see p. 190) by flooding 
of the lower ends of the river vaUeys with tide water. 
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History of Stream Coerses 


Consequent Streams. — On any new land surface, the first 
streams will have their courses determined by the original slope 
and natural irregularities of the surface Such stream courses are, 
therefore, consequent upon the original relief features. They may 
of course not only lengthen by 
headward erosion, and deepen 
and widen their valleys, but 
they may also have tributaries 
developed as a direct conse- 
quence of the initial topog- 
raphy. All such streams 
whose courses are the direct 
consequence of the initial 
topography are called conse- 
quent streams. 

New land surfaces may 
develop in various ways, some 
of which will now be very 
briefly explained. A portion 
of the sea floor may be raised 
into land with a relatively 
smooth surface sloping sea- 
ward. Examples are the outer 
portions of the Atlantic and 
Gulf Coastal Plains of the 
United States which are of 



geologically recent origin. In 
this region the southern part 
of Florida is so recent that 
its consequent drainage is ex- 
ceedingly young. If a portion 
of the crust of the earth is 


Fig. 146 

Maps showing growth of part of the 
Mississippi delta (After Putnam, 
from Tarr^s New Physical Geog- 
raphy, by permission of the Mac- 
millan Company ) 


newly upraised into a ridge or range by an earth-crust disturb- 
ance, consequent streams develop courses down each side of the 
ridge, as is the case with the Sierra Nevada Range. Where the 
newly uplifted mass is dome-shaped, or where a new volcanic 
cone develops, the consequent streams radiate downward in 
all directious from the summit. Newly built-up lava plateaus, 
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like those in Yellowstone Park, eastern Washington, or southern 
Idaho, will have consequent streams developed upon their sur- 
faces. "WTiere new land surfaces result from widespread deposi- 
tion of materials by glaciers, especially vast glaciers like those 
of the Ice Age (see page 229), over older land surfaces, consequent 
streams develop on the new surfaces. Large portions of Iowa 
and Illinois aie good illustrations 

Subsequent Streams. — During the history of a drainage 
system, it happens almost invariably that many stream courses 
originate independently of the original (imtial) topography, and 
are determined and regulated by erosion proceeding differently 
upon the bed rock formations according to differences in hardness, 
structure, and resistance to erosion of the formations. Such 
streams are said to be adjusted because they carve out their 
valleys along Imes or belts of the weaker or more yielding rocks. 
During the progress of erosion of a region, the divide (division of 
drainage) between two streams, with courses m rocks of like 
character, often shifts position notably by headward erosion of 
the stream with the greater power to erode toward the one with 
the lesser power, and the upper course of the former stream is not 
consequent. Also during the history of a drainage system, streams 
(or portions of them) are not uncommonly captured by (drained 
off into) other streams, thus bringing about changes in stream 
courses not consequent upon the original topography of the 
region. 

All streams which develop independently of, and subsequent 
to, the original rehef of a land area, whether by adjustment to 
rock character or structure, shifting of divides, stream capture, 
or any other process, are called subsequent streams in distinction 
from consequent streams. Subsequent streams are very commonly 
tributaries of consequent streams, but even a consequent stream 
course may, during the progress of erosion of a region, undergo 
sufficient change to become subsequent. ^^The original conse- 
quent course may, for example, be very irre^ar and roundabout, 
and during its development such a course will tend to be straight- 
ened. Or the original course may be straight, and, with subse- 
quent development, meandering will be set up. . . . Usually 
subsequent tributaries develop at (or nearly at) right angles to a 
consequent master stream. This angular pattern of stream courses 
is known as ^re^Z^s , Streams m which no adjustment. 
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to rock structure takes place, either (a) because of T\’idespread 
flat-lying sediments, or (b) because the stream develops in a 
large area of a massive formation such as granite, never have sub- 
sequent tributaries. This is because the adjustment is complete 
from the beginning. This insequent stream pattern is often tree- 
hke, for which reason the drainage is said to be dendritic ” (Tarr 
and Martin), 

Normal Cycle of Erosion. — Definitions, The stages iu 
topographic development through which a region passes comprise 
what may be called a cycle of physiographic development or, per- 
haps better, a cycle of 
erosion Using a bio- 
logical analogy, the 
most important stages 
of such a cycle have 
been called infancy j 
youth, maturity, and old 
age, A cycle of erosion 
may be defined as the 
period of time during 
which an uplifted (or 
any new) land mass 
undergoes its transfor- 
mations by the proc- 
esses of land sculpture 
(erosion), ending in a 
low featureless plain.'^ 

These transformations 
may be relatively simple and easily understood, or they may be 
very complicated because of wide variations of contnbuting 
causes such as climate (especially rainfall), altitude of the land, 
character and structural relations of the rocks, diastrophic inter- 
ferences, and others. 

By a normal cycle of erosion we mean the time required for the 
reduction to or near base level by erosion (mainly stream action) 
of a new' land area of at least moderate altitude with a humid 
climate, and with no interfering change of level of the land by 
earth-crust movements. The principles involved may be best set 
forth by tracing through the stages in the topographic develop- 
ment of a land mass xmder the conditions just described, and with 



Fig. 147 

A youthful valley (gorge), with vertical walls, 
out in horizontal sandstone beds. Near Mecca, 
California (Photo by the author.) 
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an initial sloping surface reaching to hundreds or even thousands 
of feet above sea level Beyond in this chapter, some of the more 
important variations and interferences with the so-called normal 
cycle are discussed. 

Infancy stage. A tjrpical newly formed land surface, like the 
kind just pictured, has a drainage system developed upon it. In 
the earliest stage {infancy) of its cycle of erosion, only a few 
streams form, and these tend to seek out the original depressions, 
and to flow down the initial slope of the land. These are of course 



Fig 148 

A youthful, V-shaped valley (canyon) several thousand feet deep cut in lava. 
Island of Mam, Territory of Hawau. (Photo by the author.) 


consequent streams. From the very start some of these streams 
will be longer, larger in volume, and more energetic as erosive 
agents than others. A characteristic of all is the small number of 
tributaries. Not uncommonly some original basin-like irregulari- 
ties, or depressions, will be filled with water to form ponds or lakes. 
During infancy, stream erosion accomplishes very Httle, but the 
process of sheet erosion (p. 146) is then most effective. 

Youthful stage. The region relatively soon passes into the 
next stage called youth (Fig 150), During this stage the streams 
carve out narrow, very steep-sided valleys usually with V-shaped 
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cross-sections (Fig. 149). All of the streams are very actively 
engaged in deepening their valleys by erosion, or in other words, 
none of them have reached a graded condition. Flood plains and 
meandering streams are therefore lacking. During this youthful 
stage, there are few if any sharp divides (divisions of drainage), 
and the streams are still relatively few in number. The relief of 
the region is, for most part, not rough. General erosion of the 



Fig. 149 

A youthful V-shaped valley cut in a high plateau of lava. Grand Canyon 
of the Yellowstone, Yellowstone Park. (After W. T. Lee, U. S. Geological 
Survey.) 

region is not far advanced because erosion is largely confined to 
the relatively few stream channels. Gorges (or canyons), water- 
falls, or lakes (or ponds) are not uncommonly present because 
they are geologically short-hved features which are indicators 
either of a youthful topographic stage of a region, or of some 
geologic process or disturbance which has recently affected a 
topographically older region, as pointed out beyond. Some 
examples of regions in topographic youth are much of the Atlantic 
Coastal Plain of the United States which has recently emerged 
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from the sea; the Colorado Plateau of Arizona, with its Grand 
Canyon, which has been geologically recently upraised to its 
present altitude, and the general viciiuty of Fargo, North Dakota, 
which IS part of a large lake bed from which the water has been so 
recently drained that it is in early youth 

Mature stage. Erosion continues until the features so charac- 
teristic of youthful topography gradually give way to those dis- 
tinctive of maturity (Fig 150). A region in typical maturity has 
the maximum number (usually a network) of streams most of 
which flow in valleys which are wider and less steep-sided than 

those of youth, that is 
their cross-sections are 
broader V-shaped. 
The maximum rough- 
ness of relief has de- 
veloped (Fig. 314). 
Divisions of drainage 
(divides) are well- 
defined and sharp. 
General erosion is, in 
fact, then most effec- 
tive because practi- 
cally the whole region 
has been reduced to 
slopes. Waterfalls, 
gorges (or canyons), or 
lakes (or ponds) rarely 
if ever exist because 
time enough has been given for the streams to obliterate such 
temporary features. Between middle and late maturity one (or 
more) of the larger streams of the region has cut down near 
enough to a graded condition (at least in its lower course) to 
begin meandering with resultant development of a flood plain. 
During matunty a river system does its maximum work in regard 
to amount of down-cutting, quantity of water carried off, and 
load of sediment transported. A very fine illustration of a region 
in typical maturity is that around Charleston, West Virginia. 
A wide region around Lancaster in southwestern Wisconsin, 
including a part of the Mississippi River, is also a good example 
of maturity. Except for the very recent addition to it here and 



Fig 150 

Profile sections illustrating (1) youthful, (2) ma- 
ture, (3) old age, and (4) rejuvenated stages 
of topographic development. (Drawn by the 
author ) 
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there of some minor features of youth, as inheritances of the Ice 
Age, such as gorges, waterfalls, and ponds, the region of central- 
western Massachusetts, with its Connecticut Valley, is a fine 
example of a region in late maturity (Fig. 151). 

Old-age stage. As the erosion of the region progresses, the 
old-age stage is reached when the relief has been greatly subdued 
to the condition of an undulating plain, or so-called roUing 
country.” Divides are 
then not at all sharp, being 
low, rounded hills. Only 
a moderate number of 
streams remain, and these 
flow through wide, shal- 
low valleys. Most of the 
streams (especially the 
larger ones) are graded 
or nearly so, and their 
sweeping meanders and 
cut-off meanders (oxbows) 
on wide flood plains are 
common and characteris- 
tic. General erosion and 
the amount of work ac- 
complished by the streams 
are much less than in 
maturity. Gorges and 
waterfalls are absent, but 
oxbow lakes, which are Fig. 151 

easily distinguished as A region in maturity. Connecticut Valley 
such, are present. A re- of Massachu^tts. poweU’s rebef model, 

' n 1 • XI. u pnotographed by the author ) 

gion well along m the old- ^ ^ ^ 

age stage of its erosibnal history has a highly subdued topog- 
raphy of very low relief, which, in the final stage of a perfect cycle 
of erosion, would be a featureless plain at base level. It is 
doubtful if any wide area has ever been reduced to such a base- 
leveled condition, although such a condition has often been rathei 
closely approached. Very typical examples of old-age topography 
are south-central Kansas in the general vicinity of Caldwell, and 
the region around Butler, Missouri. 

Time involved. The terms infancy, youth, maturity, and old 



184 


PHYSICAL GEOLOGY 


age, as above employed, do not denote anything like definite 
periods of years, but rather they represent stages, each with cer- 
tain characteristics, of the cycle of erosion of any given region. 
Since conditions of altitude, slope, rock character, and rainfall of 
different regions vary so widely, it is clear that either topographic 
maturity or old age may, as measured in years, be reached in one 
region, or even a portion of a single region, long before it is in 
another. The terms imder consideration “ have reference not so 
much to the length of their history in years as to the amount of 
work which streams have accomplished in comparison with what 
they have before them.'^ 

Peneplains and Monadnocks. — Definitions, Any region 
which has been worn down by erosive agencies to a condition of 
very low relief at, or nearly at, base level is called a peneplain (or 
peneplane), meaning an “ almost-plam.” A perfect peneplain 
would be a plain wholly at base-level-of-erosion, but because prob- 
ably no large land area has ever been completely base-leveled, it is 
customary to call a region of faint relief, well along in the old-age 
stage of its erosion, a peneplain. Perfect base-leveling of a region 
must rarely if ever take place because, as old age is approached, 
the rate of erosion becomes slower and slower as the gradients of 
the streams become less and less, so that the time necessary for 
perfect planation would be almost infinite. Almost invariably 
diastrophism, igneous activity, glaciation, or some other process 
notably affects the region long before anythmg like a perfect 
peneplain, or base-leveled condition, is reached. 

It often happens that, dunng the development of old-age 
(or peneplain) topography, more or less local portions of the region 
are not cut down to the general peneplain level, either because 
they consist of more resistant rocks, or because they lie in the 
midst of relatively wide spaces between larger streams, and so 
are more favorably situated against erosion.* Such a residual mass 
rising well above the general peneplain level is called a monadnock, 
so named after Mount Monadnock of New Hampshire which rises 
conspicuously above the now upraised, and partly eroded, pene- 
plain of southern New England. 

Existing peneplains. Peneplains, or even reasonably close 
approximations to them, are not very co mm on over wide areas 
of North America, as may be inferred from the above discussions. 
One reason for this is the fact that so many portions of the con- 
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tinent, including many well worn-down (practically peneplaned^ 
areas, have been more or less uplifted in recent geologic time 
(Cenozoic era), and subjected to renewed erosion. Much of the 
large area comprising central-western Missouri, southeastern 
Kansas, and northeastern Oklahoma has been reduced by ero- 
sion to a condition of old-age topography approaching a pene- 
plain, though still lying hundreds of feet above sea level. 

Recently upraised peneplains. The vast eastern Canadian 
region, extending from near the international boundary northward 
to either side of Hudson Bay, consists of a complex mixture of 
very old rocks and structures which, after long ages of geologic 
time, was mostly reduced to a common level of very low altitude. 
This so-called “ Laurentian Peneplain has since (in the Ceno- 
zoic era) been rather unevenly upraised in amounts varying from 
a few hundred feet to about 2000 feet. In the interior of Labrador, 
for example, the old, eroded, upraised, peneplain surface is so 
smooth that variations of level are only a few hundred feet within 
an area of 200,000 square miles. 

It has long been known that most of the eastern United States, 
where the higher lands such as southern New England, New York, 
and the northern and central Appalachians are situated, was, 
during later Mesozoic time, subjected to such widespread and 
deep erosion that it was aU worn down to the condition of a 
remarkably smooth plain (peneplain) near sea level with slow- 
moving (graded) streams meandering over its surface. In refer- 
ence to this great peneplaned area Berkey has said: “The 
continent stood much lower than now. Portions that are now 
mountain tops and the crests of ridges were then the constituent 
parts of the rock floor of the peneplain not much above sea 
level. . . . The ridges and valleys, the hills, mountains, and 
gorges of the present were not in existence, except potentially in 
the hidden differences of hardness or rock structure.” In southern 
New England, and in the eastern Adirondack Mountains of New 
York, some monadnocks stood out above the peneplain level. 
Mounts Greylock and Monadnock of southern New England 
mark the sites of such remnants of erosion (monadnocks). The 
differential uplift of this vast peneplain to altitudes up to a few 
thousand feet took place in the present (Cenozoic) era of geologic 
time. It would carry us too far afield to go into the various proofs 
for the existence of this once great peneplain. One important 
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line of evidence may, however, be mentioned, namely, the so- 
called “ even sky-line.'’ Since rocks of many kinds and ages are, 
with very few exceptions (the monadnocks) all truncated or 
planed oS to a general level as indicated by the even sky-hne,” 
it IS impossible to account for such a surface except as an upraised 
and subsequently partly eroded peneplain (Fig 155). 

Interrupted Cycles of Erosion. — Rejuvenation, The normal 
cycle of erosion, which, as we have shown, ends with a peneplain 
condition, may be interrupted at any stage by other processes. 
Such processes are so vaned, and their effects are often so com- 



A rejuvenated region showing entrenched meanders Yakima Canyon, 
Washington. (Hobbs, after G. 0 Smith ) 

plicated, that we shall attempt only to explain briefly some of 
the more important ones and their general effects. 

The most common and significant cause of interruption of the 
normal cycle of erosion is change of level of the land (diastro- 
phism). Thus a region in any stage of its erosional history prior 
to almost complete peneplanation, say m maturity or early old 
age, may be upraised with resultant notable increase in velocities 
of the streams Such a region is said to be rejuvenated, and the 
streams whose activities are quickened are said to be revived. 
The revived streams begin to cut youthful valleys in the bottoms 
of the wider, older valleys, and thus a new cycle of erosion is 
inaugurated. The effect is at first most pronounced on the valley 
loors of the streams which are graded, or nearly so, but in time the 
Nhole region is distinctly affected by the revival of erosive activity. 
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If; through processes of erosion, a meandering stream develops 
on a flat valley-bottom, and then uplift of the land takes place, 
the revived stream proceeds to cut a youthful valley in the 
old valley floor without changing its meandering course. Such 
meanders are known as entrenched (or incnsed) meanders^ Among 
numerous excellent examples are the San Juan River of south- 
eastern Utah, Yakima Canyon in Washington (Fig. 152), the 



Fig 153 

A rejuvenated region showing a youthful valley cut into an older, mature 
valley Matanuska Valley, near Glacier Point, Alaska. (Photo by Men- 
denhall, U S. Geological Survey.) 

Susquehanna River of southern New York and northern Penn- 
sylvania, and certain rivers of western Germany, Belgium, and 
northwestern France. 

In a case of uplift of a region which has undergone practically 
complete peneplanation, or base leveling, the general effect is, in 
nearly all respectS; like a new land surface (with consequent 
streams) formed in other ways, and it may be treated as such. 
Such a case scarcely comes under the category of an interrupted 
cycle of erosion. 

Rejuvenation by uniform uplift Rejuvenation may be by 
uniform uplift of an old eroded surface, in which case the altitude 
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is increased, but the altitude or slope of the surface is not changed. 
An excellent case in point is the, area of thousands of square miles 
of central and southwestern New York w^here many remnants 
of an upraised, eroded (peneplaned) surface lie at a remarkably 
even altitude of about 2000 feet, thus indicating a practically uni- 
form uplift of the old eroded surface to its present height. This 
upraised peneplain has been deeply and widely trenched by 
erosive processes, including the development of the Mohawk 
Valley. 

Rejuvenation by tilting Tilting (without faulting) may 
accompany uplift of an old eroded surface This is well illustrated 
in the case of southern New England where a fairly well-developed 



Fig. 154 

Diagram representmg a portion of the great Sierra Nevada fault-block 
geologically recently rejuvenated by faulting. (After Matthes, U S 
Geological Survey ) 

peneplain was upraised with a distinct tilt southward, as indicated 
by the slope of the even sky-line of the numerous remnants of 
the old eroded surface. Another illustration is afforded by the 
great Colorado Plateau of our southwestern states which is an 
old, approximately peneplaned surface upraised one to two miles, 
with a southward slope. 

Rejuvenation by warping. An erosion surface may be more or 
less warped during uplift. This principle is jBbnely illustrated by 
the central Appalachian district. Millions of years ago, the strata 
were deformed by folding. Then the region was cut down by 
erosion to an almost perfect peneplain which, in relatively recent 
geologic time, was distinctly upwarped along a north-south axis, 
^nd then deeply dissected by erosion. Plainly preserved renmants 
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of the upwarped peneplain do not, therefore, rise to a nnifonn 
altitude, but they rise steadily higher as the asds of upwarp is 
approached from both the east and the west sides. 

Rejuvenation hy faulting. Still another case is the interruption 
of a cycle of erosion by faulting as wonderfully illustrated by the 
Sierra Nevada Range of California. The site of the range was 
once in the topographic condition of late maturity or early old 



Fig. 155 

A valley being cut in the uplifted Appalachian peneplain. Note the even 
sky line of the mountains. New l^ver, Virgima. (After Hillers, U. S. 
Geological Survey.) 

age, and streana gravels were spread over the old eroded surface 
in many places. Then a profoxind fault fracture developed along 
the eastern side of the district, and the great Sierra earth-block 
was upraised many thousands of feet, and tilted at the same time 
towards the west (Fig. 154). The long, wide, western face of the 
range, therefore, shows a fairly '' even sky-line,'' but by no means 
a level one for it gradually descends from a summit altitude of 
7000 to over 14,000 feet westward, nearly to sea level. Plainly 
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preserved remnants of the above mentioned stream gravels 
scattered over the western slope of this vast fault-block range 
prove that we are here dealing with an old eroded surface uplifted 
and tilted by faulting. 

Cycle interrupted by subsidence. Subsidence of the land also 
interferes with a normal cycle of erosion. Its general effect is to 
hasten old age by diminishing the amount of erosive work the 
streams have to do. Continued sinking causes deposition of 
sediment in the valleys (or portions of them), thus building up 
their floors. If it can be proven that all the graded streams of 
a region have their beds at levels far above beds which they 
previously occupied, it seems most likely that the surface of the 
region has subsided. ... If uplift raises a previously graded 
surface above grade, subsidence lowers valley bottoms below the 
level of grade. This principle seems to be illustrated in the upper 
Mississippi Valley region, where the Mississippi River and its 
main tnbutaries are at grade 100 feet or more above the bed rock 
beneath (Trowbridge). The fills in these valleys consist of loose 
glacial and water-laid sediments. 

If a seaboard region in any stage of erosion, particularly from 
typical youth to typical old age, subsides enough relative to sea 
level, tidewater floods at least the lower courses of the valleys 
and their streams, and they are said to be drowned (Fig 68). Not 
only are such valleys, or parts of them, drowned, but also the 
general erosion of the remaining land is diminished. Such a 
drowned valley becomes an estuary j while the former tributaries 
of the main stream, now forced to enter tidewater by separate 
courses, are said to be dismembered. The recently sunken coast of 
Maine is a fine illustration of many drowned-river valleys. The 
drowned valley of the lower Susquehanna River (Chesapeake 
Bay), and of the lower Hudson River, are also good examples of 
such estuaries. The submerged vaUey of the Hudson has been 
definitely traced across the sea bottom for fully 100 miles out 
from New York City (Fig. 67). 

Other causes of interrupted cycle. It should not be presumed, 
from the foregoing statements, that interruptions of the normal 
cycle of erosion are brought about only by changes of level of the 
land. Thus the whole northeastern portion of the Umted States 
from Minnesota and Iowa to the New England coast was in a 
topographic condition varying from maturity to early old age 
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just before the great Ice Age. Then, during and after the recession 
of the vast glacier (Fig. 193) from the region, extensive deposits of 
glacial and post-glacial rock debris were left more or less irregularly 
strewn over much of the surface, giving rise to many low hills, 
lake basins, and altered drainage courses which latter have not 
imcommonly developed gorges and waterfalls. Thus many dis- 
tinct features of a youthful topography are, as a result of glacia- 
tion, superimposed upon a large land area which was otherwise 
well along in its erosional history. 

Extensive outpourings of lava may profoundly interrupt the 
normal cycle of erosion of a region as is so well exemplified on a 
grand scale in the Columbia Plateau stretching from the Yellow- 
stone Park region westward across Idaho and into eastern Oregon 
and Washington. The old erosion surface with its stream systems 
was almost completely buried under the thick accumulations of 
lava, and new stream courses have been established upon the 
newer surface of the lava fields. 

Arid Cycle of Erosion. — Streams of and regions. The cycle 
of erosion under arid climate conditions shows certain character- 
istic differences from the normal cycle in humid regions. Rainfall 
and, therefore, vegetation are scant. An arid-climate character- 
istic is that the ram which does fall is likely to be concentrated in 
a few downpours, each of very short duration, in the course of a 
year, or possibly several years. Large trunk streams seldom if ever 
develop. A few only of the stronger streams flow the year round, 
and most of their tributaries contain water only during, and 
shortly after, the rare periods of rain. The valleys of the perennial 
streams are, therefore, nearly always much larger in proportion 
to the average volume of water flowing through them than those 
of humid regions. It is commonly the case that parts of a stream 
bed contain water, and other parts do not. It is also character- 
istic of arid regions that most of the valleys contain no water most 
of the time. During the rare, short periods of heavy rainfall 
(sometimes ‘‘ cloudbursts ”), water at high speeds, and in large 
volumes, rushes through the valleys, but, within a few hours (or 
days at most), the stream channels (except the few perennial 
ones) again become dry. 

Stages of a typical arid cycle. The arid cycle of erosion is so 
much influenced by the nature of the original topography of the 
region that the order of events in a cycle varies considerably. Our 
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present purpose is to discuss only the more general principles^ as 
they would be illustrated m a rather typical region of varied 
topography, in the form of a basin (or series of basins) with no 
stream outlet to the sea, and undisturbed by changes of level 
of the land The so-called Great Basin of Utah, Nevada, and 
California may be kept in mind as an excellent example. This 
basin varies in altitude from somewhat below sea level to about 
two miles above sea level, with many mountain ridges and ranges 
rising conspicuously above the general level of the great, irregular 
floor which is separated into many more or less local basins. 

A great, typical, desert basin bke that just described has, in 
infancy of topographic development, consequent drainage courses 
established upon the initial surfaces, including the mountain 
slopes. These streams, which are seldom active except during 
and after heavy rains, do not become tributary to a perennial 
trunk river draining the whole great basin or a large part of it, 
but they flow down upon the floors of the various local basins 
where they mostly sink away, or evaporate, or in a few cases enter 
permanent or temporary playa '0 lakes. Most of the streams 
are, therefore, mere fragments of what, under humid climate 
conditions, would be a river system with its trunk river and 
numerous tributaries. 

In the youth of the cycle the highlands are slowly eroded, 
and deposition takes place on the slopes and floor of each basin, 
diminishing the relief and raising the local base level, a strong 
contrast to the corresponding stage of the normal cycle in which 
relief is increased by the excavation of stream valleys. Even in 
arid regions, however, valleys are cut on the highland slopes,, 
while the basin floor is made nearly level by deposition. This 
stage is exemplified by the Great Basin and its mountains. 
Water is the chief agent of erosion and deposition during the 
period of youth, but the wind is also important in eroding the 
bare rocks, and in distributing the finer waste, part of which it 
carries outside of the and region altogether. Extremely slow as 
this process of complete removal of the finer debris by the wind 
undoubtedly is, yet it is the only agency which actuallv lowers 
the average altitude of the region, for no water flows out of the 
area we are considering ” (W. B. Scott). 

Maturity of the region is reached when the highlands are 
deeply eroded, and enough of the resulting sediments have been 
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carried down and deposited on the floors of the original separate 
basins to cause them to coalesce. As the coalescence of basins 
and the integration of stream systems progress, the changes ol 
the local base levels will be fewer and slower, and the obliteration 
of the uplands, the development of graded piedmont slopes, and 
the aggradation of the chief basins will be more and more exten- 
sive (W. M. Davis) During maturity the erosive action of the 
wind becomes relatively more important not only because rainfall 



Fig 156 

A desert basin being filled with sediment (so-called ‘Vash’’) carried down 
from the adjacent mountains. Death Valley, California. (Photo by the 
author ) 

is less on the lowered highlands, but also because the swiftness, 
and hence erosive power, of the streams are much reduced on 
account of the lower relieif. 

As old age is approached the original highlands are cut down 
lower and lower, and the now coalesced, local basins are built up 
more and more until the whole region becomes a wide, nearly flat 
expanse with broad, gentle undulations consisting of bare-rock 
plains (truncated highlands) merging into plains of deposition 
(filled basins). Such a combination plain may be far above sea 
level. Here and there masses of more resistant rocks may stand 
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out as residual masses corresponding to monadnocks of the normal 
cycle of erosion. During late old age in a very dry region the wind 
is the only very active agent of erosion. By its corrasive power 
(see p. 267 ) the wind tends to erode hollows and irregular depres- 
sions in the weaker rocks, and to transport some of the sediment 
past the confines of the arid region, this latter process being of 
course the only one by which the general level of the old-age plain 
is reduced. 

Stream Deflection. — There is a strong tendency for streams, especially 
the larger ones whose valleys have not reached old age, to swerve but httle 
from courses once well estabhshed Smaller streams, and, much more rarely, 
larger ones, may, however, be notably deflected from once estabhshed courses 
There are many causes of stream deflection, some of which will now be briefly 
considered 

By rotdtion of the earth The rotation of the earth on its axis is an appreci- 
able general cause of deflection of streams Accordmg to Ferrel’s law, “ if a 
body moves in any direction on the earth’s surface, there is a deflectmg force 
ansmg from the earth’s rotation which deflects it to the right m the northern 
hemisphere, but to the left m the southern hemisphere ” Streams respond to 
this law and, therefore, tend to swmg agamst and erode their right banks more 
than their left, thus causmg a general shift of stream courses to the right. 
Streams flowing north accordingly tend to cut their east banks more than 
their west banks, and those flowing south their west banks more than their 
east banks Differences m resistance or structure of the rocks which are being 
eroded may more than offset this moderate deflective influence. The influence 
IS obviously greatest not only on north or south flowmg streams, but also on 
streams nearer the equator where the speed of the earth’s rotation is greater. 
The streams which flow south across the slopmg plain of the southern half of 
Long Island seem to illustrate the principle. Streams are there cutting 
shallow valleys into loose, nearly homogeneous sediments with steep banks 
mostly on the right (west) due to more active erosion there. It has been 
estimated that the tendency of the Mississippi River to swing against its 
nght (west) bank is about m‘ne per cent greater than toward its left bank 

By lava flows. A very simple case of stream deflection may be caused by 
a lava flow Thus, a stream of lava flowed mto and across the channel of the 
Little Colorado River of Arizona, filling it to such an extent that the nver 
has been forced to find a new course around the lava 

By glaciers In a manner veiy similar to that of a lava flow, a glacier may 
flow into a vaUey, forcing the stream over to one side of the valley. Some of 
the great glaciers of Alaska, as for example certam ones m the Copper River 
region, are excellent illustrations 

The great glacier of the Ice Age filled a portion of the valley of the Colum- 
bia River of central Washington, forcing the mighty river to find a new course 
for many miles, along which it eroded a canyon called the Grand Coulee, On 
the melting of the ice, the river returned to its former channel. 

The Missouri River, which was forced by the great glacier to shift to a 
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new course many miles farther west m South Dakota, has kept to the new 
course since the disappearance of the ice (Fig. 157). 

By glaaal deposits Many streams have been notablj' deflected from their 
former courses as a result of the blockading of their valleys by accumulations 
of glacial materials such as moraines (see page 239). Thus the combmed 
Monongahela and Allegheny Rivers of western Pennsylvama flowed north- 
ward into the Lake Erie basm before the Ice Age The old valley was so much 
filled with glacial d 6 bris, which was deposited at the border of the great 
glacier, that the combmed Monongahela and Allegheny waters were forced 
southwestward into the Ohio 
VaUey. 

Another excellent illustration 
IS the lower Sacandaga River of 
New York which formerly flowed 
southward mto the Mohawk Val- 
ley, but now flows northeast- 
ward mto the upper Hudson 
River This deflection was 
caused by heavy accumulations 
of glacial debris across the old 
valley near GloversviUe durmg 
the Ice Age 

By wind-blown deposits. 

Wind-blown materials often 
cause shifting of stream courses, 
as for example the Grand Calu- 
met River which once flowed 
into Lake Michigan m Indiana. 

Drifting dune sand so blocked its 
mouth as to reverse the course of 
the stream which now empties 
into the lake near Chicago, about Fig 157 

18 mles from its former mouth, Missouri Eiyer 

By Muna cor^s and Uvd- Dakota was deflected by the 

It often happens that great glacier. (Modified after Todd.) 
rapid buildmg of an alluvial cone « « —t 

or fan on the floor of a valley by a tributary forces the mam stream of the 
valley to flow around the edge of the fan or cone, as illustrated by the Ilhnois 
River near Peona. Landshdes also often produce similar effects 

By delta growth. Stream deflection on deltas, as well as on alluvial fans, 
is common, as we have already shown in the explanation of distributaries 
(p. 165). The Colorado River, which has built a great delta across the upper 
portion of the Gulf of Cahforma, *has a usual cpurse into the Gulf, but some- 
times it has been deflected down the northern slope of the delta and mto 
Salton Smk. 

By levees. Tributary streams, on entering graded or aggrading vaHeys, 
are often so deflected by natural levees along the main streams that they flow 
considerable distances roughly parallel to the mam streams b^ore joining 
them. The junction is usually effected where the main stream swings far over 
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to the tributary’s side of the valley. The Yazoo River of Mississippi is thus 
deflected for 200 miles before jommg the Mississippi at Vicksburg 

By logjams. Some interesting cases of stream deflection have been caused 
by so-called jams ” or “ rafts ” of trees and logs which have floated down- 
stream. Rafts of this kind have grown to a remarkable extent in the lower 
course of the Red River in Louisiana, this river below Alexandria having been 
thus diverted for many miles to a new course nearly at right angles to its old 
course. 

By dtasirophism Earth-crust movements (diastrophism) may cause 
streams to change their courses more or less Large-scale examples of this 
kmd appear to be rare, if not entirely lacking, but the sudden shifting (faulting) 
of earth blocks (with resultant earthquake shocks) has often caused minor 
deflections of streams Thus at the time of the great Assam earthquake in 
India in 1897, movement of earth blocks along a fault fracture parallel to a 
meandermg river caused many local changes m the stream course Also dur- 
ing the earthquakes of 1811-1812 m the New Madrid region of Missouri, 
many local drainage changes were caused by slipping and tiltmg of blocks of 
the earth’s crust. 

By meandenng We have already shown how streams gradually sweep 
in broad meandenng curves back and forth from one side of a valley floor to 
the other when they are m a graded or nearly graded condition, and how 
streams abandon such meanders by cuttmg across their narrow necks (p 160). 
The great flood plain of the lower 500 miles of the Mississippi River furnishes 
many fine examples 

By stream capture Finally, a very common kind of stream deflection 
results from the capture of part of one stream by another, and the diversion 
of the water of the one mto the other This interesting and important process 
of stream development is separately discussed under the next heading 

Stream Capture. — General 'principles. During the erosional 
history of a region it often happens that certain streams steal 
parts (or all) of other streams by a process known as stream capture 
or piracy. The general principle involved is that a stream which 
finds various conditions for valley development (erosion) more 
favorable than a near by stream may, by headward extension of 
itself or one of its branches, tap and divert into itself part (or all) 
of the stream whose erosional conditions are less favorable. A 
stream whose upper waters have been captured is said to be 
beheaded. Through the process of stream capture there is a strong 
tendency for many streams to leave the harder, or more resistant 
rocks, and develop courses in softer, or less resistant, rocks, that 
is, they tend to adjust their courses to the character and structure 
of the various rock formations of a region. This is known as 
structural adjustment of streams. 

Examples of stream capture. Some of the more common 
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principles of stream capture may be made clear by explanation of 
a few definite cases. Thus, two streams floT\dng roughly parallel 
to one another may each develop a tributary reaching out toward 
the other as shown by Figure 158. Because one of these streams 
is more active, and has cut its valley deeper, its tributary also cuts 
down faster, and works headward faster, than the tributary of the 
other stream. The head of the more active tributary finally 
reaches the less active tributary and carries off its upper waters. 
This IS a common method of stream capture in many regions. 

Where two streams follow approximately parallel courses (one 
higher than the other) lateral erosion of one or both may at some 
place completely remove the divide which separates them, causing 
the stream at the higher level to drain into the lower-level one. 



Diagrams illustrating a simple case of stream capture by headward growth of 
a tributary. (Modified after Salisbury ) 

The principle of stream capture by shifting of divides is very 
clearly illustrated in the Catskill Mountains of New York. As 
shown in principle by Figure 169, two small, very swift streams 
(a and b) fliow down the steep front of the mountains, while two 
much less swift streams (b and c) have their courses on the more 
gradual slope on the opposite side of the divide. The short, 
swift streams have deepened and extended their valleys headward 
so rapidly that several branches of the slower streams (b and c) 
have, one after another, been diverted into the shorter streams. 
In this case the drainage of the upper waters of streams b and c 
has been, in the main, reversed, and the original divide has been 
notably shifted. 

The capture of the upper part of Beaverdam Creek by the 
Shenandoah River of Virginia is a well-known case of stream 
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piracy. As sh-own by Figure 160, tbe Shenandoah, developed as a 
tributary of the Potomac in an early stage of the erosion of the 
newly uplifted region. Both the Potomac River and Beaverdam 
Creek cut gorges through the hard rock of Blue Ridge, but the 
former deepened its valley much faster. The young Shenandoah 
was, therefore, enabled to extend its course southward by head- 
ward erosion, and finally tapped, and diverted mto itself, the 
upper part of the higher level Beaverdam Creek The aban- 
doned channel of the creek across the Blue Ridge is still plainly 
preserved. 



Fig. 159 

Diagrams illustrating the principle of stream capture in the CatskiU Moun- 
tains, New York. (From Tarr and Martinis College Physiography, by 
permission of the Macmillan Company.) 

The short, swift rivers which flow down the western side of 
the Andes Mountains of Chile have captured the source streams 
of many of the longer, slower rivers wtdch flow down the eastern 
side of the mountains and across Argentina. 

Antecedent Streams. — A type of river of special interest is 
one which during, and for a time at least after, disturbance (by 
diastrophism) of its drainage area maintains the course it had 
before the disturbance began. Such a stream is said to be ante- 
cedent because its course was established before the land across 
which it flows was disturbed by earth-crust movement. The 
simplest case is that of a revived river resulting from rejuvenation 
of a region by uplift (see page 187) without much change in the 
general direction of slope of the land. Thus the rivers of central 
and western New York have, as already explained, cut valleys in 
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a rather uniformly upraised peneplain. Since such antecedent 
rivers merely renew down-cutting along their old courses, it is, 
perhaps, just as well to call them simply revived rivers. 

A remarkable type of antecedent nver is one which has kept 
its course through a rising barrier, even a mountain range. Thus 
the Columbia River has maintained its course right across the 
slowly upwarping Cascade Range by cutting a canyon several 
thousand feet deep while the uplift was in progress (Fig. 161). 



Sketch maps showing how the upper waters of Beaverdam Creek were cap- 
tured by the Shenandoah River. (After B. Wilhs, U. S. Geological Survey.) 


If the uphft had gone on faster than the river could erode its 
channel, the river would have been diverted. 

As the Wasatch Range of Utah slowly rose (in recent geologic 
time) across the path of the Ogden River, the river maintained its 
course by cutting a deep canyon. 

The Indus and Brahmaputra Rivers of northern India are 
believed to be antecedent, for they cut great canyons through a 
main range of the Himalayas, and then flow into the Indian 
Ocean. 

Superimposed Streams. — An old land mass with character- 
istic topography, rock character, and structure may be buried 
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under later rock formations of very dijfferent kinds and arrange- 
ment. The newer, overljdng accumulations may be sheets of lava, 
volcanic ash-beds, glacial deposits, lake deposits, or marine 
strata. The surface of the newer formation may be utterly 
different from that of the older, underlying formation. 

A simple case to consider is a series of gently sloping, nearly 
smooth strata restmg on top of a rugged surface of igneous and 



Fig 161 

An antecedent river — the Columbia — cutting a canyon across the Cascade 
Mountains Lookmg west from Mitchell Pomt. (Photo copynght by 
the Weister Company, Portland, Oregon.) 

irregularly tilted metamorphic rocks. It not uncommonly hap- 
pens that a stream, whose course has been determined upon the 
newer surface, cuts through the overlying rocks and into the under- 
lying rocks, maintaining its course irrespective of the surface, 
character, and structure of the underlying rocks. Such a stream 
is said to be superimposed or inherited (Fig. 162 ). A fine example 
is the Colorado River in the Grand Canyon of Arizona where the 
river has cut through a thickness of several thousand feet of nearly 
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horizontal strata, and into a veiy ancient, wom-down, buried 
mountain area consisting of a complex arrangement of hard 
Igneous and metamorphic rocks In the strata the canyon 
is wide and terraced, but in the hard, underhung rocks a deep, 
narrow, steep-walled gorge has been (and is being) cut by the 
river. 

In western Colorado there was once a westerly sloping plateau 
consisting mainly of a thick accumulation of volcamc ash under- 
neath which was buried an old, uneven-surfaced land mass, 
including a mountain of granite surrounded by much softer rocks. 
The Gunnison River started its course on the plateau surface over 



Fig. 162 

Diagrams illustrating the development of a superimposed river. (Dravm by 

the author) 


the buried mountain, and, on cutting its valley down to the 
gramte, it was forced to maintain its course, and so cut a canyon 
2000 feet deep in the granite. In the meantime the weaker rocks 
around the granite were largely cut away by erosion. In the kght 
of its history, this apparently paradoxical, present-day course of 
the Gunnison River is easily understood. 

Where, through erosion, the overlying rock mantle has been 
completely removed from the underlying rocks of different struc- 
ture, the superimposed streams may have courses very strikingly 
out of harmony with the structure of the formerly buried rocks. 
Thus in the Lake District of England a system of streams with a 
distinctly radial arrangement has been superimposed upon a once 
buried body of rocks with a northeast-southwest trend. This is a 
fine example of a superimposed, or inherited drainage system. 
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Special Effects of Stream Work 

Canyons and Gorges. — Definitions, The principles of 
ordinary valley development through the agency of stream ero- 
sion have already been discussed. We shall now briefly consider 
the special type of valley which is exceptionally deep in proportion 
to width. Such relatively deep, narrow, steep-walled valleys are 
called gorges (e.g. Niagara Gorge), chasms (e.g. Ausable Chasm 
of New York), dells (e.g. Dells of the Wisconsin), glens (e.g. 
Watkins Glen of New York), or canyons (e.g. the Grand Canyon 
of Arizona). The term canyon is generally applied to a large 
gorge or chasm. 

Factors favoring canyon development. Factors particularly 
favorable to the development of canyons and gorges are rapid 
down-cutting by streams, and rock formations hard or resistant 
enough to maintain steep slopes or cliffs when they are cut into. 
An and climate is usually more favorable than a moist one because 
certain weathering agents which cause valley widening are less 
effective under dry climate conditions. In the development of a 
gorge or canyon the down-cutting (erosive) action of a stream 
proceeds so rapidly that the agents of vaUey widening do not have 
time to reduce notably the steepness of the valley sides. 

Zion Canyon. A remarkable example of a deep, very narrow 
canyon is the northern portion (so-called “ Narrows ’0 of Zion 
Canyon, Utah, where a very swift, sediment-laden stream under 
semi-arid conditions has cut its way down into moderately hard 
rock (sandstone) so fast as to develop a gorge over 2000 feet deep, 
20 to 40 feet wide at the bottom, and a few hundred feet (or less) 
wide across the top (Fig. 132). 

Kings River Canyon. A canyon remarkable for its combina- 
tion of narrowness and depth is the Kings River Canyon of the 
Sierra Nevada Range of southern California. This steep-sided, 
V-shaped canyon has been carved out of solid granite by the 
erosive action of the river, aided by relatively little weathering, 
to the amazing depth of 6900 feet. Profound upUft and tilting 
of the Sierra earth-block in recent geologic time; volume and 
swiftness of the water; hardness of the rock; and a liberal supply 
of grinding tools are the conditions which have favored the 
development of this canyon. 

Yellowstone Canyon, The Yellowstone River of Yellowstone 
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National Park has cut a narrow, steep-sided canyon (Fig. 149) 
over 1000 feet deep and 15 miles long into a high plateau which 
was built up by outpourings of vast sheets of lava in recent 
geological time. 



Fig. 163 

A view across the world^s greatest canyon. Grand Canyon of Arizona 
(Photo by courtesy of U. S. Reclamation Service.) 


The Royal Gorge. The famous Eoyal Gorge of Colorado has 
been (and is being) cut through the recently uplifted Front Eange 
of the Rocky Mountains. It is remarkably narrow with almost 
vertical walls rising to a height of 1500 feet. 

Grand Canyon of Arizona. Greatest of all canyons, not only 
of North America but also of the world, is the Grand Canyon of 
the Colorado River in Arizona, Its general dimensions are: 
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length, over 200 miles; depth from 4000 to 6000 feet; and width 
from 7 to 15 miles (Fig. 163). This mighty gash in the earth’s 
crust has been excavated wholly by the Colorado River and 
some of its shorter tributaries, aided by weathering. Some of the 
conditions exceptionally favorable to this canyon development 
have been and are: (1) The recent great uplift of the region, 
providing a thickness of many thousands of feet of rocks to be 



Fig. 164 

A detail view in Bryce Canyon, Utah, showing remarkable sculpturing of 
horizontal strata. (Photo by courtesy of U. S. Reclamation Service ) 

cut through by the river before reaching grade; (2) the large, 
very swift river; (3) the abundance of rock fragments con- 
stantly carried by the river, thus providing for continually aggres- 
sive corrasive action; (4) rock formations hard enough and so 
arranged that most of them are capable of standing in chffs or 
steep slopes; and (5) the and climate which causes valley widen- 
ing to be relatively slow. 

Canyons modified hy glaciers. Many deep canyons in the 
mountains of the western United States, western Canada, and 
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southern Alaska are not wholly the work of running water. 
Such canyons were cut to great depths by streams after which 
(during the Ice Age) they were occupied for many years by streams 
of ice called glaciers which deepened and broadened the bottoms 
and steepened the sides of the canyons. Excellent examples are 
the Swift current Canyon of Glacier Park, Montana (Fig. 205), 
and the famous Yosemite VaUey (or Canyon) of California (Fig. 
206). 

Examples of gorges. There are numerous examples of gorges 
and small canyons in the eastern Umted States, such as the 
Ausable Chasm near Plattsburg, New York, and Watkins Glen 
of southern New York, each of which is from 20 to 50 feet wide, 
and 100 to 200 feet deep; the Flume in the White Mountains of 
New Hampshire; and the gorges of TuUulah River in Georgia, 
and the French Broad River in North Carohna, each of which is 
many hundreds of feet deep. 

Narrows and Gaps. — River narrows and water gaps are in 
reality only special types of gorges or canyons. When, during 
the process of its valley development, a stream takes its course 
across a belt, or irregular mass, of rock which is relatively more 
resistant, the valley is there carved out less widely and rapidly 
than in the weaker rocks just upstream and downstream from the 
harder rock. Local contractions of river valleys, formed under 
such conditions are called narroms, or watergaps if they are very 
short. Rapids, cascades, and low waterfalls are common in river 
narrows and gaps. The more resistant rock athwart the channel 
locally slows up the process of down-cutting, and so there is a 
tendency for a “ temporary base-level-of-erosion ” to be estab- 
lished for a greater or less distance upstream from the harder rock. 

A few of the many weU-known examples of river narrows and 
water gaps will be cited. The Mohawk River at Little Falls, 
New York, flows for nearly two miles through a narrow, steep- 
sided gorge hundreds of feet deep in hard rocks, while for many 
miles above and below the narrows the valley has been opened 
out widely on weak rocks (mostly shales). The lower Hudson 
River has cut a narrows himdreds of feet deep, and 16 miles long, 
through hard gramte and related rocks. Near Northampton, 
Massachusetts, the Connecticut River has eroded a water gap 
hundreds of feet deep through the Holyoke Range of hard lava, 
while the broad valley has been opened up by the river in weaker, 
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stratified rocks both above and below the gap (Fig. 151). The 
famous Delaware Water Gap has been cut by the Delaware River 
through a tilted formation of hard conglomerate, on either side of 
which there are relatively weak strata. The Susquehanna River 

near Harrisburg, 
Pennsylvania, flows 
through a succession 
of typical water gaps 
where tilted, resis- 
tant, rock forma- 
tions, with interven- 
ing, weak rocks 
extend across the 
course of the nver. 

A water gap 
abandoned by its 

Diagrams illustrating the development of a rock stream becomes a 
(After U S. Geological so.caUed vdnd gap 

because of the ten- 
dency for the wind to blow with imusual force through the 
narrow opening in the ridge. Wind gaps very commonly result 
from stream piracy where a stream flowing through a water gap 
has its course diverted by a neighboring stream. The principle 
involved is perfectly 
illustrated in the vi- 
cinity of Harper's 
Ferry, Virginia (Fig. 

160), where the 
water gap of Beaver- 
dam Creek was con- 
verted into a wind 
gap (called Snicker's 
Gap) because of the 
capture of the upper 

waters of the creek Diagrams illustrating the development of alluvial 
by the Shenandoab s. Geological Survey.) 

River. There are numerous wind gaps in the central and south- 
ern Appalachian Mountains similar in origin to Snicker's Gap. 
Many of them are notches in the tops of the mountain ridges. 
One of particular interest is Cumberland Gap, on the Kentucky- 
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Virginia line, which is a pass 700 feet deep through the Cumber- 
land Mountain ridge. Several hundred thousand immigrants 
traveled through this wind gap on their way w^est in the latter 
part of the eighteenth century. 

Stream Terraces. — Along the sides of a valley there may be 
benches or nearly flat surfaces with steep fronts facing the stream 
in the vaUey, and too high to be covered by flood-waters. Two 
or more of them may be arranged one above another m steplike 
form on both sides of the valley. Such benches, when formed by 
the action of the stream, are called stream terraces. Two of their 
most common modes of origin will now be explained. 

Rock terraces. We have already learned that a stream, on 
approaching grade in its down-cutting process, begins to widen 
its valley floor notably 
by meandering back 
and forth from one side 
of the valley to the 
other. A flood plain of 
such a stream may be 
covered with more or 
less stream-deposited 
(alluvial) soil. Uplift 
of the region may then 
take place, causing the 
revived river to cut a 
young, steep-sided inner 
valley (or gorge) into 
the old flood plain. The remnants of the old valley flat, consisting 
of bed rock covered with some alluvium, constitute one kind of 
rock terraces. An interesting case is illustrated by Figure 165. 
After a flat is developed in the bottom of the newer valley, another 
uplift would inaugurate the development of terraces at a still 
lower level. Rock terraces also not uncommonly develop during 
the down-cutting of a valley where resistant layers of horizontal, 
or nearly horizontal, rocks are worn back on the valley sides less 
rapidly than weaker layers just above them. A wonderfxfll succes- 
sion of such rock terraces occurs on a magnificent scale in the 
Grand Canyon of Arizona, giving rise to what may be called step 
topography. 

Alluvial terraces. If, for any reason, a valley becomes partly 



Fig. 167 

Stream-cut terraces in Fraser River valley 
near LiUoet, British Columbia. (Photo by 
Calvm ) 


Fig. 168 

A mesa carved out of horizontal strata. Near Znoi, New Mexico. (After 
Barton, U. S Geological Survey.) 



Fig. 169 

A hogback of Mesozoic strata. Near Fort Wingate, New Mexico. (Photo 
by EQUers, U. S. Geological Survey.) 



THE WORK OF STREAIVIS 


209 


filled with alluvial sediment, and then the stream in the valley has 
its erosive activity notably revived by either decreased load or 
uplift of the land, so-called alluvial terraces will develop. Rapid 
down-cutting by the stream may result in only one terrace level. 
Often, however, the stream cuts down into the alluvial fiUing 
slowly enough to allow the development of meanders. The stream 
then cuts laterally into the alluvium first on one side of the valley 
and then on the other, in each case leaving a flat with a steep face 
toward the stream. Swinging back to the opposite side of the 
valley, this time at a somewhat lower level, a new flat is developed 
and the earlier (higher level) 
terrace is partly cut away. 

By such a process a succes- 
sion of two or more alluvial 
terraces may be formed 
(Pig. 166). Excellent exam- 
ples occur in the Connecticut 
Valley of New England, and 
in many other valleys. 

Erosional Remnants. — 

General pnnaples. During 
the process of general low- 
ering of lands by erosion, 
it very commonly happens 
that certain local portions 
are not cut down as fast as 
most of the area, and so are 
left standing out more or 
less conspicuously above the 
general level of the country as 
remnants of erosion. There 
are two important causes of such unequal erosion. One is lack of 
uniformity of character and structure of the rocks of an area, 
that is, some portions may be either harder, or more resistant, 
than others, or less subject to weathering because less broken and 
fissured by joints or faults. Another cause of erosional remnants 
is the less rapid erosion in the spaces between streams, this being 
particularly true in relatively level plain or plateau districts. 
Erosional remnants are variously shaped and named. 

Towers and pinnacles. There may be rock towers, pinnacles, 



Fig. 170 

Diagram illustrating one mode of ongin 
of natural bridges. (Drawn by the 
author.) 
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or pillars consisting either of notably harder, isolated masses such 
as the igneous rock of DeviPs Tower, Wyonung, or of the cores 
of volcanoes (volcanic necks) in Arizona (Fig. 271), or of isolated 
joint blocks of essentially homogeneous material such as the 
Cathedral Spires in the Garden of the Gods, Colorado (Fig. 54), 
or the pinnacles and pillars of lava near Douglas, Arizona (Figs. 
58, 59, and 60). 



Fig 171 

The great Augusta Natural Bridge in southeastern Utah (Photo by 
G L. Bean, courtesy of the National Park Service ) 


Mesas. If the rocks are in horizontal layers, or nearly so, and 
some are harder than others, flat-topped hills or small mountains, 
called mesas (pronounced “ maysas ”) often become erosional 
remnants. In such cases the flat surfaces are determined by 
harder layers. Similar isolated masses without flat tops are called 
buttes (pronounced bewts '0- Mesas and buttes are common and 
typical in many portions of the high, arid to simi-arid plains and 
plateaus of the western United States, particularly the Colorado 
Plateau of parts of Arizona, New Mexico, Utah, and Colorado 
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(Fig. 168). Many mesas, buttes, towers, and pinnacles belong in 
the category of so-called outherSj that is, remnants of more exten- 
sive bodies of similar rocks separated from the latter by erosion. 

Ridges. Where erosion proceeds upon a region of highly 
inclined to vertical (or folded) rock layers or formations which 
are alternately hard and soft, the hard belts will, especially during 
maturity, stand out in relief in the form of ridges because erosion 
cuts down the weaker (softer) rocks more readily, developing 



Fig. 172 

Niagara Falls. Amencan Fall on the left and Canadian Fall on the right, 
(Photo by Rau Art Studio, Philadelphia ) 


valleys in them. This principle is grandly illustrated by the 
numerous Appalachian ridges approxunately parallel to the 
mountain range. Very concisely stated, the history of this region 
is as follows. During Paleozoic time a very thick body of strata 
(sandstones, shales, and limestones) was deposited layer upon 
layer on the floor of a sea which overspread the region. About 
the end of Paleozoic time, the strata were subjected to pressure, 
thrown into a series of parallel folds, and upraised into a lofty 
mountain range. Profound erosion then affected the moun- 
tains, reducing them to the condition of a peneplain by latei 
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Mesozoic time In early Cenozoic time, the peneplain was up- 
raised and somewhat warped, causing a great revival of stream 



activity Since this second up- 
hft the present parallel ridges 
(in harder rocks) and valleys (in 
softer rocks) have been sculp- 
tured out by erosion. 

Hogbacks and cuestas. A 
hogback is an erosional ridge 
with a long, relatively gentle 
slope on one side and a short, 
steep (or precipitous) slope or 
face on the other side. Such a 


Fis- 173 ridge develops where rock layers 

Structure section at Niagara FaUs (or formations) are moderately 
Surve^ Geological ^ lying 

between soft layers. The long 
gentle slope is caused by the removal of the weak rock from the top 
of the hard layer, and the tendency of the weak underlying rock to 
erode (or weather) faster than the hard tilted layer just above it. 
Hogback ndges, and 
successions of ridges, 
are very typically dis- 
played near the eastern 
base of the Rocky 
Mountains in Colorado, 
and also in parts of 
Arizona and New Mex- 
ico (Fig. 169). 

A cuesta is practi- 
cally the same in prin- 
ciple as a hogback, but 



on one side its slope is 
very long and gentle, 
while on the other side 
there is an abrupt 


Fig 174 

The American Fall at Niagara Falls, New York. 
(Photo by the author ) 


slope, or even a chff. Cuestas are well illustrated in the Atlan- 


tic and Gulf Coastal Plains of the United States, and, on a 
grand scale, in the Colorado Plateau country. 

Monadnocks. A special kind of erosional remnant is the 
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monadnock already described (p. 184). It represents a residual 
mass of country rock of any shape winch has not been reduced to 
the general level of the peneplain during a late stage in the ero- 
sional history of a region 

Natural bridges. If, during the process of erosion of a region, 
a stream perforates the neck of one of its rather deeply mtrenched 
(incised) meanders (see p. 187), a natural bridge results, as may 
be readily understood by examination of Figure 170. The largest 
natural bridges in the world have originated in this manner, 
several of them being located in San Juan County, Utah (Fig. 
171). Greatest of all is 
span the dome of the 
Capitol Building in 
Washington. It should 
be clearly understood 
that natural bridges 
originate in various 
other ways than by the 
action of surface 
streams. 

Waterfalls. — Defir 
mtions. Where a 
stream rushes over a 
steep slope in its bed it 
forms a rapid. Where 
a stream plunges over a 
vertical, or nearly ver- 
tical, rock face it forms a waterfall. Between ordinary rapidg 
and true waterfalls, all gradations exist. Waterfalls are some- 
times called cascades or cataracts. Waterfalls originate in many 
ways. Our present purpose is to consider only some of the mosi 
important principles of waterfall development, with emphasis 
upon the kinds of falls which owe their existence to the more O] 
less direct erosive action of the streams which themselves fonr 
cataracts. 

Niagara Falls type. The most common principle is involvec 
in what may be termed the Niagara type of waterfall, so wonder 
fully illustrated by Niagara Falls (Fig. 172) which is one of tbt 
world’s very greatest cataracts. Its tremendous volume of water 
divided into two parts (Canadian Fall and American Fall) 


the Rainbow Bridge which would easily 



Fig. 175 

Snoqualmie Falls, east of Seattle, Washington 
Height, 272 feet (Photo by the author.) 
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Fig. 176 

Great Falls of the Yellowstone River Height, 308 feet. Yellowstone Park. 
(Photo by F. N. E^neeland ) 

plunges about 160 feet. In this type of waterfall, the rock forma- 
tions lie in an approximately horizontal position with a resistant 
formation on top of a notably weaker one. At Niagara there is a 
hard limestone resting upon soft shales in thin layers. The con- 
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ditions are shown by 
Figure 173. Under the 
influence of weathering, 
and the swirling action 
of the water, the weak- 
er, underlying rocks are 
cut away faster than 
the harder overlying 
rock, causing the latter 
to overhang so that 
blocks of it fall down 
from time to time, and 
are mostly carried away 
by the swift current. The waterfall maintains itself while it 
retreats upstream and develops a gorge By this process Niagara 

gorge, seven miles in 
length, has been .pro- 
duced since the with- 
drawal of the great 
glacier of the Ice Age 
from the Niagara region 
— not more than a few 
tens of thousands of 
years ago. 

At Snoqualmie Falls 
(272 feet high) in the 
Cascade Range of Wash- 
ington, the rocks are of 
volcanic origin with a 
more resistant layer on 
top of a weaker one 
(Fig. 175). A layer of 
hard lava rests upon 
softer lava at the crest 
of Shoshone Falls where 
the Snake River of 
southern Idaho plunges 
vertically 210 feet. 

Yellowstone Falls type The Yellowstone type of waterfal 
involves a highly inclined or vertical mass of resistant rock ex 


4 



Fig 178 

A joint-face type of waterfall. High Falls, at 
Trenton Falls, New York. (Photo by the 
author.) 



Fig. 177 

Detail view of part of Victoria Falls, Zambezi 
River, South Africa. (Photo by A. J Omer.) 
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Pig. 179 

Yoseimte FaUs, Calif omia. Upper portion, 1430 feet, lower portion, 320 
feet (Photo by F. N. Kneeland) 


tending across a stream channel, with weaker rock on the down- 
stream (and usually also on the upstream) side of it. At the 
Great FaUs in Yellowstone National Park the nver crosses a 
vertical mass of hard, fresh lava m the midst of other lava which 
has been much weakened by weathering. This hard rock acts as 
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a barrier, permitting rapid down-cutting immediately on its down- 
stream side, but checking erosion on its upstream side. The river, 


therefore, plunges 308 
feet over the vertical 
face of the barrier 
(Fig. 176). Waterfalls 
of this kind commonly 
develop also in youth- 
ful stages of erosion in 
regions with highly in- 
clined or vertical rock 
formations of varying 
degrees of hardness. 

Victona Falls type. 
The Victoria Falls of 
South Africa, probably 
the greatest in the 
world, involves a prin- 
ciple opposite to that 



Fig. 180 

Takkakaw Falls, Yoho Valley, British Columbia. 
Height, 1200 feet (Photo by the author.) 


of the Yellowstone type, that is, a belt of weak rock lies across 


the course of the river m the midst of hard rock (lava). The 


Zambezi River, finding the work of erosion much easier along the 

belt of weak (highly 
jointed and fractured) 
rock, has turned abrupt- 
ly to follow the weak 
rock into which it has 
cut a deep, narrow 
chasm. The river, 
which is here over a mile 
wide, plunges vertically 
more than 400 feet into 
the chasm, which is only 
a few hundred feet wide 



Fig. 181 

Rainbow Falls, near Hilo, Hawaii, at time of 
low water. (Photo by the author) 


(Fig. 177). 

Trenton Falls type. 
A common type of wa- 


terfall results from the removal of joint blocks of rock. Where 
the rock in the bed of the stream is traversed by well-developed 
vertical cracks (so-called joints), somewhat loosened blocks of 
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rock may be further freed by weathering, and then one by one 
pushed away by the stream. In this manner a vertical face of 
rock is produced over which the water plunges. As such a fall 
retreats by removal of joint blocks, a gorge develops. Taughan- 
nock Falls (215 feet high), north of Ithaca, New York, and sev- 
eral falls (one 60 feet 
high) at Trenton Falls, 
New York, are good 
illustrations (Fig. 178). 

Yosemite Falls type. 
Another type of water- 
fall is only indirectly a 
result of stream erosion. 
Many of the highest 
waterfalls of the world 
belong in this category 
which we call the Yo- 
semite type on account 
of the wonderful devel- 
opment of such falls in 
Yosemite Valley, Cali- 
fornia. A very active 
river carved out a deep, 
stee^p-sided, V-shaped 
canyon in the hard 
granite of the Yosemite 
region. Then a power- 
ful glacier plowed 
slowly through the can- 
yon, broadening, and somewhat deepening it, and making its 
walls precipitous by cutting them back. On the melting of the 
glacier, various tributaries were forced to enter the main valley 
by plunging over great granite-cliffs At Yosemite Falls, a stream 
plunges the amazing distance of 1430 feet vertically over such a 
granite cliff, this being probably the highest true waterfall in the 
world. The same water, after descending a very steep slope for 
800 feet, plunges 320 feet vertically to the floor of the valley 
(Fig. 179). Bndalveil Falls in the same valley and of similar 
origin is 620 feet high. Throughout the mountainous portions of 
North America and Europe which were occupied by glaciers during 
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the Ice Age, the Yosemite type of waterfall is common. Examples 
are a fall 1200 feet high (though not wholly vertical) in the Yoho 
Valley of British Columbia (Fig. 180), and one 900 feet high in 
the Lauterbrunnen Valley of Switzerland. 

Potholes. — Where rock fragments are given a rapid, swirling 
motion by an eddy in a swift stream they often wear round or 
cylindrical excavations, known as potholes, in the bed rock of the 
stream. Such an eddy must of course maintain itself in one place 
long enough for the grinding action to develop the pothole which 
may be from a few inches to 25 feet or more in both diameter and 
depth. As the grinding materials, consistmg of sand, gravel, 
or even boulders, wear out, new materials are supplied by the 
stream. Local portions of stream beds may be honeycombed with 
potholes (Fig. 182). 



CHAPTER VIII 


GLACIERS AND THEIR WORK 

Geological Importance of Glaciers 

When a body of ice, which has been formed from compacted 
snow, begins to spread or flow from its place of accumulation it is 
called a glacier. Ip shprt, a mass of flowing ice may be called a 
glacier. Gl aciers J!^gary in ^ze from a fraction of a square naile to 
many hundreds of thousands bf square miles. 



Fig 183 

Northwestern Glacier, Alaska, entering tide water. (Photo by U S. Grant 
for XJ. S. Geological Survey.) 


Much of the land of the earth is, during at least part of the 
year, covered by snow or ice, and considerable areas are perpetually 
covered. Moisture, locked up in the form of snow and ice, would 
tend to accumulate indefinitely in regions of perpetual snow if it 
were not for the important part played by glaciers in returning 
much of this moisture to lower and warmer levels. 
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Glaciers, like rivers, perforra their principal geological work 
by erosion of the land, and by transportation and deposition of 
rock debris. Although such work accomplished by glaciers is, on 
the whole, much less than that of streams, it is, nevertheless, of 
great importance. Streams have been constantly at work upon 
most of the lands for tens of millions of years, while glaciers have 



Fig. 184 

Davidson Glacier emerging from a canyon near Skagway, Alaska. (Photo 

by the author ) 


been much more restricted both in time and place Water, wind, 
and ice are the three great agents which operate to modify the 
lands of the earth by the processes of erosion and deposition. 

Types op Glaciers 

According to their form, size, and position, we may recognize 
nve types of glaciers as follows: (1) Valley glaciers, (2) hanging 
glaciers, (3) 'piedmont glaciers, (4) ice^caps, and (5) continental 
glaciers. 

Valley Glaciers. — These are often called alpine glaciers 
because of their typical development in the Alps where they were 
first carefully studied. They are streams of ice flowing through 
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valleys, and fed from catchment basins of snow located in regions 
of perpetual snow. They may have tributaries but, as compared 
to rivers, these are relatively few in number. Of all the types of 
glaciers, valley glaciers are the most abundant They range in 
length up to about nine miles m the Alps, and up to 40 or 50 miles 
in southern Alaska (Fig. 183). Valley glaciers very commonly 
attain thicknesses of from a few hundred feet to a thousand feet 
or more, and widths of from one-fourth of a mile to several miles. 



Eig. 185 

The lower end of Denver Glacier near Skagway, Alaska 
(Photo by the author ) 


Hanging Glaciers. — These are sometimes called cliff glaciers. 
They are poorly formed, usually small, glaciers which occupy 
depressions or steep clefts high up on mountainsides and do not 
descend into valleys. They sometimes move to the edge of a cliff 
or a very steep slope and break off. Where a glacier of any kind, 
but especially a hanging glacier, moves to the edge of a cliff or a 
steep slope and breaks off, the fragments which fall to the base of 
the slope may freeze together again and form a reconstructed 
glacier. The Lefroy glacier near Lake Louise, British Columbia, 
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Fig. 186 

Hanging glaciers near Lake Chelan in the Cascade Mountains of Washington. 
(Photo by U. S. Reclamation Service.) 


is a good example. There are many fine examples of hanging 
glaciers in the Rocky Mountains of southern Canada and north- 
ern United States, and in the Cascade Mountains of Wash- 
ington and Oregon (Fig. 186). 

Hanging glaciers show all stages of transition to true valley 
glaciers. Such intermediate types are wonderfully displayed on 
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the great volcanic cone 
of Mt. Eainier, Wash- 
ington, whose very- 
steep sides support a 
system of nearly 60 
square miles of glaciers 
(Fig. 188). 

Piedmont Glaciers. 
— A piedmont glacier 
is formed by the co- 
alescence of the spread- 
ing ends of valley 
glaciers where they 
flow down mountains 
and out upon relatively 
level country. It is, in 
effect, somewhat like a 
lake of ice at the foot of a mountain. The Malaspina Glacier, 
covering 1500 square miles at the foot of the great Mt. St. Elias 
in northern Alaska, is a fine large example. It has a nearly level 
surface, and it moves 
very slowly. Its bor- 
der portions are almost 
completely concealed 
under rock debris and 
even forest growths. 

Muir Glacier in Alaska 
is intermediate in gen- 
eral character between 
a valley glacier and a 
piedmont glacier," It 
covers hundreds of 
square miles (Fig. 191). 

Ice Caps. — In cer- 
tain high-latitude re- 
gions, suc,h as Scan- 
dinavia, Iceland, and 
Spitsbergen, glacial ice 
may accumulate on relatively level plains or plateaus as ice sheets 
which slowly spread or flow radially from their centers. These 



Fig 188 

Snow and iee-clad Mt. Rainier, Washington, as 
seen from near its southern base July, 1921. 
(Photo by the author ) 



Fig. 187 

Detail view of a hanging glacier. Glacier Na- 
tional Park (Photo by W C. Alden, U. S. 
Geological Survey.) 
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are called ice caps. They seldom cover more than a few hun- 
dred square miles If properly situated, they may send small 
alpine glaciers down radiating valleys. 

Continental Glaciers. — These are %ce sheets of great extent, 
usually covering many thousands of square miles. They are, in 
principle, much hke ice 
caps, only they are 
larger. A vast ice 
sheet now covers fuUy 
500,000 square miles of 
Greenland, and its mo- 
tion is outward in all 
directions toward the 
sea. It sends off many 
tongues of ice into the 
tide water. A still 
greater ice sheet covers 
much of the south polar 
region to an extent of 
probably at least sev- 
eral million square 
miles The Greenland 
and Antarctic ice sheets are the only ones at present large enough 
to be classed as continental glaciers. In times past, however, 
still greater expanses of glacial ice are known to have occupied 
certain portions of the earth, as mentioned beyond in this chapter. 



Fig. 189 

Looking across Nisqnally Glacier on Mt. Rainier, 
Washington. (Photo by the author.) 


Existing Glaciers 

Millions of square miles of the earth are covered with glaciers 
ranging in size from a fraction of a square mile to millions of square 
miles. Greatest of all are the vast ice sheets, or continental gla- 
ciers, occupying much of Greenland and Antarctica Ice caps of 
less extent occur in the Arctic Islands, Spitzbergen, Iceland, and 
southern Scandinavia. Piedmont glaciers, like ice caps, are not 
very common, their best representation being probably in southern 
Alaska. 

Qf all the types of glaciers, the valley or alpine type is by far 
most abundant. They are best known in the Alps where there 
are probably ho less than 2000 of them. Most of them are less 
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than one or two miles long; a few are from three to five miles 
long; and one — the Great Aletsch — is over nine miles long. 
In Europe, the Pyrenees, Carpathian, Caucasus Mountains, and 
the mountains of Norway also support numerous valley glaciers, 
those of Norway and the Caucasus being especially large. 

The great Himalayas of southern Asia support a magnificent 
system of very large, high-altitude, valley glaciers, many of them 
from 5 to 30 miles long. Africa contains few if any glaciers. 

The Andes Mountains of South America support many valley 
glaciers, some small ones at very high altitudes lying practically 

at the equator. There 
are many large valley 
glaciers in the southern 
Andes. 

There are no gla- 
ciers in the eastern two- 
thirds of North America, 
but the western por- 
tion of the contment 
contams many of them. 
There are tens of thou- 
sands of glaciers in 
southern Alaska, most 
of them by far being 
valley glaciers which 
range in length up to 
50 miles, and in width 
up to five or six miles. Dozens of them flow down the mountains 
into tide water where they break off to form icebergs. Southern 
Alaska is a wonderland of lofty moimtains, vast fields of perpetual 
snow, and numerous, great valley glaciers (Figs. 183 and 194). 
Valley glaciers of fair size, and hanging glaciers, are common in 
the southern Canadian Rockies. In the northern Rockies of the 
United States, from Colorado into Montana, there are scores of 
small glaciers, mostly of the hanging-glacier type, especially in 
Glacier National Park. The Cascade Mountains of Washington, 
Oregon, and northern California, especially the higher peaks 
such as Mt. Rainier, Glacier Peak, Mt. Hood, Mt. Jefferson, and 
Mt. Shasta, support numerous glaciers ranging from hanging 
glaciers to true valley glaciers from a fraction of a mile to five 



Fig 190 

Andrews Glacier, altitude 12,000 feet Rocky 
Mountain Park. (Photo by W T. Lee, U. S. 
Geological Survey.) 
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niiles in length Some small hanging glaciers occur in the southern 
half of the Sierra Nevada Range of California. Certain high 
peaks of Mexico support small glaciers. 


The Great Ice Age 


The Fact of the Ice Age. — The Quaternary is the latest great 
period of earth history, and it still continues for it has led up to 
the present-day conditions. This period was ushered in by the 



Fig. 191 

A general view of the great Muir Glacier, Alaska, showing its terminal cliff 
(several hundred feet high) in tide water. (Photo by H. F. Reid.) 


Spreading over much of northern North America and Europe of 
vast ice sheets which must take rank as one of the most interesting 
and remarkable occurrences of geological time. During several 
other periods of geological time, glacial ice was more or less exten- 
sively developed, particularly during late Paleozoic time, but 
the term Ice Age refers to that of the present (Quaternary) 
period. Existing glaciers are but remnants of the once much 
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greater glaciers of the Ice Age. On first thought the former 
existence of such vast ice sheets seems unbelievable, but the Ice 
Age occurred so short a time ago that the records of the event are 
perfectly clear and conclusive. The Ice Age is estimated to have 
begun from half a million to a million or more years ago, and to 
have ended in the northern United States from twenty to thirty 
thousand years ago. 

Some of the proofs of the former presence of the great ice sheet 
are as follows: (1) polished and striated rock surfaces (Fig. 203) 
which are precisely like those produced by existing glaciers, and 
which could not possibly have been produced by any other agency; 

(2) glacial bo.ulders 
which are often some- 
what rounded and 
scratched, and which 
have often been trans- 
ported many miles from 
their parent rock ledges 
(Figs. 220 and 221); 

(3) true glacial mo- 
raines, especially termi- 
nal moraines, like the 
one which extends the 
full length of Long 
Island, and marks the 
southernmost limit of 
the great ice sheet; and 

(4) the generally wide- 
spread distribution, over most of the glaciated area, of hetero- 
geneous glacial d6bns, both unstratified and stratified, which is 
clearly transported material, and which typically rests upon the 
bed rock by sharp contact (Fig. 214). 

Extent, Movement, and Depth of the Ice, — An area of about 
4,000,000 square miles of northern North America was covered 
by ice at the time of maximum glaciation. Map Figure 193 shows 
not only the extent of the ice, but also the three great centers or 
districts where the glacial ice, compacted from snow, accumulated 
most abimdantly. From each of these three centers — Labra- 
dorean, Keewatin, and Cordilleran — the ice slowly spread in all 
directions until the three great ice sheets coalesced everywhere 



Fig. 192 

A side view of Asulkan Glacier near Glacier, 
Bntish Columbia (Photo by the author ) 
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except in one relatively small district. This nonglaciated area 
covers about 10,000 square miles, and lies mostly in southwestern 
Wisconsin (Fig. 193). It represents a district where the Labra- 
dorean and Keewatin Glaciers did not quite join. 

The Labradorean and Keewatin Glaciers completely covered 
the land areas which they invaded. Even the highest mountains 



Fig. 193 

Map of North America showing the extent of the ice sheets 
dunng the Ice Age. (After TJ S. Geological Survey ) 


of New England and New York were submerged under the ice 
flood. The Cordilleran Glacier did not so completely bury the 
landscape, many of the highest peaks having projected through 
the ice. The general depth of the vast glaciers was from one to 
two miles or more. 

A great ice sheet also covered about 700,000 square miles of 
northern Europe during the Ice Age. It radiated from the 
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Scandinavian region, and spread southwestward over nearly the 
whole of the British Isles; southward into central Germany; and 
southeastward into central Russia. 

The fact that glacial ice flows as though it were a viscous sub- 
stance is well known from studies of present-day glaciers in the 
Alps, Alaska, and Greenland A common assumption either that 
the land at the center of accumulation must have been thousands 



Fig 194 

Snow and ice-clad Mt St Elias, Alaska The suniimt hes about 3 niiles 
above the glacier in the foreground (Photo by Rau Art Studios, Phila- 
delphia.) 

of feet higher, or that the ice there must have been immensely 
thick in order to permit flowage so far out from the center, is not 
necessary. For instance, if one proceeds to pour viscous tar 
slowly m one place upon a perfectly smooth, level surface, the 
substance will gradually flow out in ^1 directions, and at no time 
wiU the tar at the center of accumulation be very much thicker 
than at other places. The movement of the ice from one of the 
great centers was much like this, only in the case of the glaciers 
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the accumulation of snow and ice was by no means confined to 
the immediate centers of accumulation. 

Successive Ice Invasions. — It has been established that the 
front of the great continental glacier underwent many more or less 
local advances and retreats. In the northern Mississippi Valley 
there is positive proof of several (perhaps five or six) important 
advances and retreats of the ice which gave rise to true inter- 



Fig. 195 

Detail view of part of the tide-water tenninus of Taku Glacier in southern 
Alaska. Cliff of ice is about 200 feet high (Photo by Rau Art Studios, 
Philadelphia ) 

glacial stages. The strongest evidence is the presence of suc- 
cessive layers of glacial debris, a given layer often having been 
oxidized, eroded, and covered with vegetation before the next 
(overlying) layer was deposited. In drilling weUs through the 
glacial deposits of Iowa, for example, two distinct deposits or 
layers of vegetation are often encountered at deptHs of from 
100 to 200 feet. Near Toronto, Canada, plants which actually 
belong much farther south in a warmer climate have been found 
between two layers of glacial debris. Thus we know that sonae, 
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at least, of the ice retreats produced interglacial stages with 
warmer climate, and that they were sufficient to reduce greatly 
the size of the continental ice sheet, or possibly to cause its entire 
disappearance. 

Origin of Glaciers 

Perpetual Snow-fields, — Glacial ice is derived from snow. 
Two conditions are necessary for the formation of glaciers — low 
temperature and sufficient snowfall. These conditions obtain in 
perpetual snow~fields, that is, areas over which the snow persists 
season after season, and year after year (Fig 194). In such snow 
fields there is a tendency for snow to accumulate faster than it 
can be removed by melting or evaporation, and the excess snow is 
removed by being transformed into glacial ice as explained below. 
Some snow fields are too small to produce enough ice for glacier 
motion. 

The line above which snow is always present is called the snow 
line. It is, in other words, the lower edge of a snow field. Snow 
fields occur m all the regions already mentioned as containing, 
glaciers. They are not uncommon, usually at relatively high 
altitudes, on all the great land divisions of the earth except 
Australia, which has none, and Africa, whose few small snow fields 
are confined to a group of high mountains in the east-central part 
of the continent. 

In the Antarctic, and in parts of the Arctic, regions the snow 
line is at or near sea level, while in the equatonal region it is from 
15,000 to 18,000 feet above sea level. In certain other parts of the 
world the altitudes of the snow line (in feet) are approximately as 
follows: Alps, 9000; Pyrenees, 6500; southern Norway, 5000; 
Himalayas, 1^000 to 17,000; Bolivian Andes, 15,000 to 18,000; 
southern Chile, 2000; Mexico, 15,000; Sierra Nevada, 11,000 
to 13,000; Cascade Mountains, 8000 to 11,000; Colorado, 
12,500; Yellowstone Park, 10,500, Glacier Park, Montana, 
9000; southern Alaska, 5000; and southern Greenland, 2000. 

Change of Snow into Ice. — Every perpetual snow-field is 
also, in part at least, a field of ice. As the snow of such a field 
accumulates it gradually undergoes a change, especially in its 
lower portions, first into granulated snow, called nSvej and then 
into solid ice. In the late winter and early spring, snow banks 
in the northern United States often exhibit such a granular 



GLACIERS AND THEIR WORK 233 

appearance. In a snow field the neve grades downward into 
porous ice, and finally into sohd ice. 

The transformation of snow, through neve to ice is effected 
mainly by the weight of overlying snow which squeezes together 
and compacts the snow crystals, and by rain or melting snow 
working down into the snow there to freeze and fill spaces between 
the snow crystals. When the ice beneath a snow field becomes 
deep enough (usually at least several hundred feet), the spreading 
action or flowage develops, and a glacier is formed. Repeated 
falls of snow over the gathering ground of the glacier keep up the 
supply of glacial ice. 

Movement of Glaciers 

Rate of Movement. — The average rate of movement of glaci- 
ers is far less than that of rivers. Many observations have shown 
that the average rate of movement of the glaciers of the world 
is not more than a few feet per day. Most of the valley glaciers 
orthe Alps move from one to three feet per day, and this is about 
an average rate for glaciers of this type. A most exceptional case 
is a certain glacier, extending as a tongue of the great Greenland 
ice sheet, whose rate has been found to be 60 to 70 feet per day. 
Some of the very large glaciers of Alaska move at rates of from 
4 to 40 feet per day. A glacier advances across country only when 
its rate of movement is greater than its rate of melting. 

Laws of Glacier Motion. — The nature of glacier motion is by 
no means simple. It involves differential motion in a rather com- 
plex sense of that term. Brief mention of most of the so-called 
“ laws of glacier motion ” will serve to make clear the compli- 
cated nature of the movement. These laws, which apply most 
typically to valley glaciers, are as follows: 

1. A glacier, to a greater or less extent, actually glides or 
slides over the earth's surface. This is abundantly proved by 
the eroded, and often polished and striated, rock surfaces left by 
glaciers. 

2. The top portion of a glacier moves faster than the bottom, 
because of friction of the glacier on its bed. This has been proved 
by observing the change in position of a vertical line of pegs driven 
into the steep side of a valley glacier. 

3. The middle portion moves faster than the sides because of 
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friction of the glacier against its containing banks. This is easily 
proved by observing the changing position of a row of marked 
objects placed across a valley glacier 

4. The velocity increases with steepness of slope of the bed. 
This has been proved particularly for certain glaciers in the Alps. 
It must be so because gravity is the ultimate force which causes 
the motion. 

5. The velocity increases with the thickness of ice. This 
again is due to the fact that the force of gravity is more effective 
in causing movement if a body of glacial ice on a slope is relatively 
thick 

6. The velocity increases with temperature. In warm weather 
a glacier moves faster than in cooler weather, that is, it moves 
faster when it is melting and contains more water 

7. Velocity increases -with straightness of course. A glacier 
flows less rapidly through a crooked valley because the friction 
is greater as the ice current rounds the curves. 

8. Velocity diminishes with roughness of bed. The motion of 
the glacier is retarded by being forced over inequahties or ob- 
stacles m its bed. 

9. Velocity diminishes with amount of load in the basal por- 
tion. This is because of increased friction of the glacier on its bed. 

10. The line of greatest velocity is more winding than that of 
the glacial channel Just as in a river, the tendency also in a 
winding glacier is for the line of greatest current to swing back 
and forth from one side to the other. 

11. A stream of ice does not conform to minor irregularities 
of the sides of the channel. A glacier several hundred feet thick 
may move past the end of a tributary valley without flowing into 
the latter to seek the general ice-level. In this respect, glacier 
movement is very different from that of water. 

Except for the force of gravity which inaugurates the move- 
ment, the cause of glacier motion is not yet definitely known. 
Several theories have been advanced, but it would carry us into 
too great detail to discuss them in this book. 

Lowee Limits op Glaciees 

We have already learned that glaciers almost invariably 
originate in regions of perpetual snow. A rare exception to this 
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rule might be the formation of a reconstructed glacier below the 
snow hne. Under favorable topographic conditions, most glaciers 
of considerable size flow 


down to greater or less 
distances below the 
snow line. This is par- 
ticularly true of valley 
glaciers. Many small 
hanging glaciers move 
little if any below the 
snow line. Piedmont 
glaciers generally form 
weU below the level of 
the snow field. Ice caps 
often send tongues of 
ice below the edge of 
the snow field. Conti- 



Fig. 196 

The lUecillewaet Glacier, British Columbia, 
as it api)eared in 1913. Compare figure 197. 
(Photo by Miss A. A Heine.) 


nental glaciers usually lie very largely within snow fields, though 
around their borders the ice may extend beyond the snow Ime. 

Valley glaciers not uncommonly move some miles beyond, 
and several thousand feet below, the line of perpetual snow. A 



comparison of altitudes 
of some examples of 
lower limits of glaciers 
with the altitudes of 
the snow line in the 
same regions as above 
listed will be instructive 
in this connection. In 
the southern Sierra 
Nevada Range of Cali- 
fornia the lower limit 
of glaciers is about 


Fig. 197 

The lUecillewaet Glacier, British Columbia, 
as it appeared in 1921. Compare with figure 
196, and note the amoxmt of retreat of the 
ice. (Photo by the author.) 


12,500 feet. On Mt. 
Shasta in northern^ Cal- 
ifornia it is about 9000 
feet. The lower limit 
in the Cascade Moun- 


tains of Washington is about 4500 feet, while at the same latitude 
in the Rocky Mountains of Montana it is about 6500 feet, the 
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difference being due mainly to the greater snowfall in the former 
region. In southern Alaska a number of the great glaciers move 
down to tide water, there to break up in the form of icebergs. 
Glaciers of southern Greenland reach the sea. In the Alps the 
lower limit is about 4000 feet. A remarkable case is in New 



Fig 198 

A great transverse crevasse in South Sister 
Glacier, Cascade Mountains, Oregon. (Cour- 
tesy of U. S. Forest Service ) 


Zealand where large 
glaciers on South Island 
flow down into sub- 
tropical forests of tree 
ferns. 

The position of the 
lower end of a glacier 
depends upon the rela- 
tion between rate of 
movement and rate of 
melting and evapora- 
tion of the ice. When 
rate of movement pre- 
dominates over rate of 
evaporation and melt- 
ing, the end of a glacier 
advances, and vice 
versa. A rather deli- 
cate balance will cause 
the end of a glacier to 
remain stationary for a 
time A series of sea- 
sons of heavy snowfall 
over the gathering- 
ground of a glacier will 
in time cause advance, 
while a series of sea- 


sons of light snowfall will cause retreat. There are reasons 


for believing it probable that there are cycles of advance and re- 


cession, due, perhaps, to climatic variations; and careful records 
are now being kept in the hope of discovering the cause for varia- 
tions in the position of ice fronts (Tarr and Martin). 

Most of the glaciers of Europe and North America are now 


retreating. Thus the Rhone Glacier in the Alps has retreated a 
considerable fraction of a mile in the last 30 years. The 
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Illecillewaet Glacier m the Selkirk Mountains has retreated hun- 
dreds of feet during the la^t 20 years (Figs. 196 and 197). Nisqually 
Glacier on Mt. Rainier, Washington, was about a fifth of a mile 
longer in 1885. The tide-water front of the great Muir Glacier of 
Alaska has retreated several miles in the last 25 years. 


Structure of Glaciers 

Crevasses. — The surface of a glacier is usually very rough, 
irregular, and broken, often making travel over it difficult, or even 
dangerous. The roughness is due in part to irregular melting of 
the ice; to streams of water which melt and erode channels in 



Fig. 199 

Sketches showing origin of crevasses m glaciers A, structure section showing 
transverse fissures, B and C, ground plans showing marginal and longi- 
tudinal fissures (Drawn by the author.) 

the ice; and to irregular accumulations of rock debris, called 
moraines, described beyond. The major irregularity and rough- 
ness of surface is, however, due to the presence of numerous small 
and large cracks and fissures which wiU now be described and 
explained. They are of three general types. They vary in width 
up to 20 feet or more, and in depth to hundreds of feet. 

Much like molasses candy, ice tends to crack when subjected 
to a relatively sudden force, particularly a force of tension. Thus 
where there is a rapid increase in slope across the bed of the glacier, 
the ice may not be able to mold itself over the salient without 
rupture, and transverse crevasses develop across the glacier (Fig. 
198). This is because tension in the upper portion of the glacier 
is greater than in the lower portion over the salient in the bed 
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(Fig. 199). A rapid change of slope of only a few degrees is usually 
sufficient to cause transverse crevasses. Owing to the forward 
motion of the ice, old crevasses often close up, and new ones 
develop over the salient. 

Due to the greater velocity of the central portion of a valley 
glacier, stresses and strains set up in the marginal portions often 
cause marginal crevasses to develop. Such cracks usually extend 
obliquely upstream from each margin of the ice well into the gla- 
cier at angles of approximately 45° (Fig. 199). 

Where a glacier spreads laterally in a broader portion of a 
valley, or where it terminates and spreads out on a nearly flat 

surface, longitudinal 
crevasses j that is, cracks 
roughly parallel to the 
direction of ice-flow, 
usually develop. In 
such cases the ice by 
fracturing yields to 
the force of tension 
which is caused by 
relatively rapid spread- 
ing (Fig. 199). 

A type of crevasse 
not really within the 
body of the glacier 
should be mentioned. 
A at the head of a glacier Swiss hergschrund 

Peak, British Columbia. (Photo by u- j 
L. awestgate) which develops at the 

head of the glacier 
where the glacier motion begins. This fissure (or series of them) 
forms where the thick body of ice, n4v6, and more compacted 
snow of the snow field draws away from the thinner, less com- 
pacted snow of the upper margin of the snow field (Fig. 200). 
The bergschrund wiU be referred to again m the discussion of 
glacier erosion. 



Layers. — The ice of a glacier is often crudely stratified^ JThis 
is because the ice of the snow field is built up of successive falls 
of snow, each of which has certain more or less characteristic 
features of texture, compactness, depth, etc. When changed 
into ice, some of the layers are more porous and white than others 


GLACIERS AND THEIR WORK 


239 


which are very compact and blue. Also, during considerable 
intervals between falls of snow, especially between the seasons, 
more or less dirt often accumulates on the surface of the snow 
field. Such dirt bands greatly accentuate the stratified appear- 
ance of the ice which is, as a rule, best developed toward the upper 
end of the glacier. It is, however, often more or less noticeable 
even at the very end of a glacier (Fig. 185) in spite of the 
complicated motions to which the glacial ice has been subjected. 

Veinlike structures are often developed locally where porous 
ice is subjected to an extra degree of compression during the 
glacier movement, causing it to become solid (and blue) by 
squeezing out the air. 

A crude stratiform or layered structure also develops, especially 
in the deeper parts of a glacier, by the sliding or shearing of one 
part of the ice over another. Such sheared surfaces may at times 
look something like stratification surfaces. 

Moraines 

Most glaciers carry, or drag along, more or less rock debris 
ranging in size from very finely divided material to great boulders. 
Such debris is transported by a glacier either on its surface, or 
within it, or in or under 
its bottom portion. The 
term moraine applies to 
all material gathered, 
transported, and depos- 
ited by glaciers. Mo- 
rainic material is repre- 
sented partly by rock 
fragments which are 
rolled or washed down 
upon the glacier, and 
partly by rock fragments 
eroded by the glacier Ground plan sketch showing the origin of a 
c j.1. j j -j medial moraine by the coalescence of two 
from the bed and sides moraines. (Drawn by the author.) 

of its channel. Moraimc 

material carried on top of the glacier may be called supergladal; 
that frozen within it, engladal; and that in and just under its 
bottom portion, suhglaaiaL 
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The superglacial d4bns is mostly of two classes — lateral and 
medial. Where it is arranged along the sides of the glacier it is 
called a lateral moraine. It consists mainly, or wholly, of material 
which has rolled or washed down upon the margins of the glacier 
from its bounding rock walls or sides. It is usually most conspic- 
uous toward the end of the glacier where it forms ridges of earth 
from a few feet to a hundred feet, or more, high. A medial moraine 
is a belt of rock d4bris on the surface of the glacier, well away 
from its margin. It may or may not be in the middle of the 
glacier. It nearly always results when two glaciers flow together, 
so that two adjacent lateral moraines (one from each glacier) 
Unite to form a medial moraine (Fig. 201). A trunk glacier, 
formed by the union of several tributaries, may show several 
medial moraines. 

Certain interesting topographic features of the surfaces of 
glaciers result from the influence of the superglacial moraines. 
Not only do such moraines often form ndges by their accumula- 
tion, but also (when thick enough) they protect the ice immediately 
underneath them against melting and evaporation, by which 
processes the general surface of the glacier is very appreciably 
lowered. In this manner the morainic ridges are accentuated in 
height. For the same reason, large blocks of rock may be left 
perched temporarily upon ice pedestals or columns. A very thin 
surface layer of rock debris absorbs enough heat to cause the ice 
just underneath it to melt faster than otherwise, and so depres- 
sions of various shapes and sizes result. 

Englacial material results partly from rock d4bris which 
accumulates on the surface in the catchment basin, and is buned 
under new falls of snow which change to ice, and partly from 
debris which falls into crevasses in the glacier farther down its 
course. Englacial material may travel miles through the body of a 
glacier, and then emerge at or near its terminus. Marked objects 
thrown into the sources (catchment basins) of glaciers many years 
ago have been found to emerge at or near the lower ends of the 
glaciers. When, through melting and evaporation of the top ice, 
some of the englacial material appears at the surface of the 
glacier, it becomes superglaaal material 

Subglacial material^ also called the ground moraine, is lodged 
within, or dragged along just under, the bottom of a glacier. It 
consists of superglacial and englacial materials which make their 
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way to the bottom, together with materials picked up by glacier 
erosion. The greatest portion of aU morainic material is carried m 
the bottom portion of a glacier. 

All rock debris — superglacial, englacial, and subglacial — 
carried along by a glacier ultimately tends to reach its terminus 



Fig 202 

Great morainic loop left by a former glacier at the mouth of the Chasm, 
Long^s Peak, Colorado. (Photo by W. T, Lee, U. S Geological Survey.) 


where it accumulates to form the tenmnal moraine. Such a 
morame becomes most conspicuous when the terminus of the 
glacier remains practically stationary for some time (Fig. 202). 


Deainage of Glaciees 

In mild weather, a glacier nearly always has streams of water 
.upon it. Most of iiiis water results from melting of the ice, but 
some of it may flow down the valley sides, and thence upon the 
glacier. Most of these streams are very temporary, and they 
usually do not flow far before pouring into crevasses, or over the 
sides or end of the glacier. Some of the water follows englacial 
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channels for a 'time, and some of this englacial water may issue 
from the sides of the glacier above its bottom in the form of springs. 
The general tendency is, however, for the water to accumulate in 
the form of a stream at the bottom of the glacier, and to issue at 
or near the terminus of the latter, often from a tunnel (Fig. 190). 
The water of such a subglacial stream is characteristically turbid 
and whitish because it is charged with very finely ground particles 
of fresh, unweathered rock. Ordinary streams in flood are usually 
brownish or yellowish because charged with weathered materia] 
rich in oxide of iron. 


Glacial Eeosion 

How Glaciers Erode. — Glacial ice, like running water, can 
accomphsh more or less erosion of loose and soft rock materials. 



Fig 203 

A glaciated ledge of sandstone high up in the Rocky Mountains Glacier 
Park, Montana (Photo by the author) 


But, like w’ater, ice has considerable power to erode relatively 
hard rock only when it is properly supplied with tools. 

An important process of glacial erosion is corrasionj that is the 
rubbing and grinding action of rock fragments either frozen into 
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the bottom and sides of the glacier, or situated just underneath 
it. Much of the work of erosion is, then, accomplished not by the 
ice itself, but rather by the rasping, grinding, and rubbing action 
of the rock fragments carried along by the glacier. Rock surfaces 
which have been subjected to glacial corrasion are characteris- 
tically smoothed and usually more or less scratched, striated, or 
grooved (Fig. 203). Such scratches and grooves are known as 
glaaal stnae A glaciated rock surface of this kind constitutes 
one of the best proofs of the former presence of a glacier in a region, 
and the striae indicate 
the direction of the 
glacier movement. 

Another important 
process of glacial ero- 
sion is 'plucking or pres- 
sure. This consists in 
separating from the bed 
rock, and pushing 
along, blocks of rock 
already more or less 
loosened by joint 
cracks. Highly j ointed 
rocks are, therefore, 
most susceptible to 
glacial plucking. Such 
joint blocks, as well as 
any other boulders and 
pebbles, which are rubbed either against the bed rock, or against 
each other, by the movement of the glacier, often become faceted 
and striated. 

Efficacy of Glacial Erosion. — Considering the present and 
past condition of the earth, the total work of ice erosion as com- 
pared to that of running water is slight, because glacial erosion is, 
and has been, much more restricted in its action both in space 
and time. During the last 50 years various opinions have been 
expressed in regard to the efficacy of glacial erosion. Some 
geologists have ascribed great erosive power to glaciers, while 
others have considered them to be weak erosive agents. The 
present consensus of opinion is that, under reasonably favorable 
conditions, glaciers accomplish a truly important work of erosion. 



Fig. 204 

A ridge of granite strongly scoured from right 
to left by a glacier. Tuolumne Meadows, 
California. (Photo by the author.) 



Fig 205 

A U-shaped glaciated canyon in the Rocky Mountains Swiftcurrent Valley, 
Glacier Park, Montana (Photo by the author ) 



Fig. 206 

Looking eastward through the deep, steep-sided Yosemite Valley, Cahfomia. 
El Capitan on the left and the Cathedral R,ocks on the right. (Photo by 
D. W. Johnson for the U. S Geological Survey ) 
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" Conditions for ice erosion are exceptionally favorable 'where 
a thick glacier, shod with numerous fragments of hard rock, 
moves over relatively soft, or highly jointed, rock because the 
grinding tools are hard and abundant; the work to be done is easy ; 
and the pressure of the ice on the bed rock is great. 



Fig 207 

Diagrams showing a stream-cut iralley (A) as it appears after glaciation (B). 
(After U S. Geological Survey ) 
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* Fig 208 

Profile section across Yosemite VaJley, CaLfomia, showing its condition 
before glaciation (B) and after it. (After Matthes, U S. Geological 
Survey.) 

We have no evidence that large valleys have been developed, 
or that the general landscape has been profoundly altered, by 
glacial erosion, but we do have positive evidence that many 
valleys have been very notably modified, and landscapes have 
been at least somewhat altered by glacial erosion. 
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The efficacy of ice erosion over a large territory is particularly 
weU shown by the effects of the passage of the vast Labradorean 
Glacier over southeastern Canada, northern New England, and 
northern New York. Common and characteristic features of this 
territory are the almost total absence of residual soils which must 
have been very abundant before the advent of the ice, and the 
large number of rounded, glaciated, bare surfaces of very hard and 
fresh rocks. The evidence is clear and conclusive that the glaciers 



Fig 209 

A typical cirque about 3000 feet deep on the west side of Long^s Peak, 
Colorado (Photo by the author ) 


shod with many fragments of hard rock, eroded not only practi- 
cally all of the soil and rotten rock from these surfaces, but also 
at least some of the fresh rock. This is true even at altitudes of 
one to several thousand feet in many places. 

A remarkable example of the power of a valley glacier to erode 
very hard rock is the famous Yosemite Valley of California. This 
valley is seven miles long, several thousand feet deep, and broad- 
bottomed. The rock is wholly a hard granite, but it is unusually 
highly jointed. Just before the Ice Age, the site of the Yosemite 
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Valley was a V-shaped canyon about 3000 feet deep. Then a big 
valley glacier moved through the canyon, fiUing it to overflowing. 
The great depth of ice, causing tremendous pressure (and hence 
effective corrasion) on the bottom and lower sides of the canyon, 
combined with the unusually highly jointed character of the rock, 


so greatly facilitated 
the work of erosion that 
the V-shaped canyon 
was deepened hun- 
dreds of feet, and its 
sides were notably cut 
back and greatly steep- 
ened (Fig 208). 

Characteristics of 
Glacial Valleys. — A 
mountain valley 
through which a thick 
glacier has flowed rela- 
tively recently shows 
certain unmistakable 
evidences of the former 
presence of the ice. 
Some of the principal 
characteristics of gla- 
cial valleys will now 
be briefly described. 

(1) A valley which 
has^een vigorously 
glaciated, has a broad 
bottom, and very steep 
to vertical sides. In 



Fig. 210 


other words, it has a 
T l-shape d cross-section 
or profile "instead Of 


Chasm Lake and the great cirque wall on the 
east side of Long^s Peak, Colorado. (Photo 
by W. T. Lee, U. S. Geological Survey.) 


the characteristic V-shaped cross-section of a valley vigorously 


eroded by a stream. This is because a glacier not only erodes the 
bottom of its valley, but also because it very actively cuts back 
the sides of the vaUey, especially toward their bottoms where the 


ice pressure is greatest. Thus the valley is deepened, its sides 
are notably cut back and much steepened, and its bottom is 
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much broadened (Fig. 207). Yosemite Valley (already described) 


with its great precipitous walls and broad floor is a wonderful 
example. There are many other examples in the Sierra, Cascade, 
and Rocky Mountams (Fig. 205), and in Alaska. 

(2) Many of the glacial valleys (or canyons) in the mountains 
just mentioned are much straighter, and more open for long dis- 
tances, than stream-eroded valleys (or canyons) would be. TEs 
is because a glacier has a much stronger tendency to take a 
straighter course than has a river, and so the lower ends of the 
ridges (spurs) which project down into the valley alternately from 

opposite sides are trun- 



Fig. 211 

A hanging cirque opposite Gomg-to-the-Sun 
Chalet, Glacier Park, Montana (Photo by 
the author ) 


cated by glacial erosion 
(Fig. 207). 

(3) We have al- 
ready learned that 
stream-cut tributary 
vaUeys very typically 
join their main-stream 
valleys at grade^ that 
is, at practically the 
same level. In a gla- 
cial valley, however, 
the tributary valleys 
show typically a d^s- 
cordanceoi position, that 
is, they join the main 
valley much above its 
bottom and are, there- 


fore, called hanging valleys. This is because the lower ends of the 
tributary valleys are cut back during the process of valley widen- 
ing by the action of the glacier in the main vaUey. Even if 
glaciers occupy the tributary valleys, they are usually too small 
to cut down their beds as fast as the main glacier. Streams in 


such tributary hanging valleys usually enter the main-vaUey 
streams by waterfalls or cascades. Hanging valleys with waterfalls 
are grandly exhibited in the Yosemite Valley. Many other exam- 
ples occur in the Sierra Nevada, Cascade, and Rocky Mountains 
(Fig. 211), and in southern Alaska, Norway, and the Alps. 

(4) A less common feature of glacial valleys is that large /gla- 
ciers entering the sea may erode their valleys hundreds of/feet 
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below sea level. This is because the moving ice is able to displace 
the water until its depth becomes so great that the ice is buoyed 
up and broken off A number of large Alaskan glaciers which 
enter arms of the sea are now at work deepening their valleys 
hundreds of feet below tide level. Rivers can cut their channels 
but very Httle below sea level. 

In this connection mention should be made of certain deep- 
water, narrow arms of the sea with high steep walls, called fioids. 



Fig. 212 

Matterhorn Peak m Glacier Park, Montana. (Copyright photo by 
R. E. Marble, Glacier Park, Montana ) 

They are exhibited on grand scales in Norway and southern 
Alaska where they are often 10 to 75 miles long, and several 
thousand feet deep; and on a less grand scale in Maine. AU, 
or nearly all, of them have resulted from erosion of river valleys 
by glaciers followed by notable subsidence of the land. They are 
usually too deep to be accounted for by glacial erosion alone. 
The maximum depth of water in Norwegian fiords is commonly 
from 1000 to 4000 feet. 

Cirques. — The heads of glacial valleys are very commonly 
characterized by big, steep-sided, amphitheatre-like basins known 
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as cfirques. As we have 
already mentioned, the 
main body of snow, 
neve, and ice of the 
snow field at the head 
of a valley glacier tends 
to pull away from the 
snow and n4v6 of the 
upper slopes, leaving a 
deep crevasse called 
the hergschrund in 
which the bed rock is 
more or less exposed. 


Fig. 213 During the warm days 

A valley floor covered with deep glacial dnft of summer, water fills 
Near Lyon Mountain, New York. (Photo joint cracks and 

by the author ) crevices in the rocks 


down in the bergschnmd, and during the much colder nights 
this water freezes, forcing apart and loosening some of the joint 
blocks. Such rock fragments accumulate in the bottom of the 
bergschrund where, in the later colder season, they are enveloped 


in ice and in n^vd 
formed from new snow- 
falls. The rock frag- 
ments are thus frozen 
into the head of the 
glacier and carried 
along by it. This quar- 
rying or excavating 
operation, which is re- 
peated season after sea- 
son, is most effective 
toward the bottom of 
the bergschrund, and so 
the sides of the valley 
head are cut back and 
greatly steepened, 
forming a cirque. 



Fig 214 

Detail view of a ground moraine left by the 
great glacier of the Ice Age Adirondack 
Mountains (Photo by the author ) 


Cirques, now free from ice or nearly so, are abundant in the 


Sierra Nevada, Cascade, and Rocky Mountains (Fig. 209), in 
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Fig 215 

Map of the Great Lakes region showing the directions of ice movement and 
the recessional morames of the final ice retreat (After Taylor and Leverett, 
U. S. Geological Survey ) 

southern Alaska, and in the higher mountains of Europe. They 
are commonly from one-fourth of a mile to a mile or more wide, 
with steep to precipitous walls from 500 to 3000 feet high (Fig. 
210). Occasionally cirques occupy the positions of hanging 
valleys, excellent ejcamples occurring in Glacier National Park, 
Montana (Fig. 211). Cirques constitute striking features of the 
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landscape in these and other recently glaciated mountains. They 
often contain small lakes. 

Two cirque walls may be cut back toward each other from 
opposite sides of a mountain mass until only a very sharp divide, 
known as a kmfe-edge ridge, is left between the cirques. A knife- 
edge ridge may also develop where glaciers in two parallel valleys 
erode and steepen the valley sides until only a very sharp divide 



Fig. 216 

Part of a boulder moraine Near Baker^s Mills, New York 
(Photo by the author.) 


separates the valleys. If three or more heads of glaciers cut 
cirques into a mountain mass from several sides at once, a high, 
pyramid-shaped rock mass, commonly called a matterhorUj may 
result. The type example is the famous Matterhorn of the Alps. 
Matterhorns are common in Glacier Park, Montana (Fig. 212). 


Glacial Deposits 

The Drift. — We have already learned that glaciers transport 
large quantities of rock debris either on their surfaces, or within 
them, or dragged along at their bottoms. It is heterogeneous 
material ranging from the finest clay, through sand and gravel. 
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to boulders weighing many tons. Some of these materials may 
be deposited during the slow advance of a glacier, but such 
materials are again 
very largely eroded 
and carried along by 
the advancing ice. 

Most of the deposits, 
not again disturbed by 
the ice, are laid down 
during the retreat of a 
glacier, and these are 
of chief interest to us 
because they are the 
ones which are so wide- 
spread as a direct re- 
sult of the recent great 
Ice Age. Most of the 
deposits left by the 
glaciers of the Ice Age are remarkably intact except for relatively 
little postglacial weathering and erosion. 

The general term applied to all deposits of glacial ongin is 
drift, this name having been given when, before the discovery of 

the fact of the Ice 
Age, such deposits 
were regarded as hav- 
ing been carried (or 
drifted) over the coun- 
try by floods and 
icebergs. Much of 
Canada and most of 
the northern United 
States as far south as 
New York City, Pitts- 

Side view of a drumlm. Near Elbndge, New 

York (Photo by the author.) Pierre, South Dakota, 

are covered by drift 
from a few inches to several himdred feet thick. It is not shown 
mainly where bed rock is exposed; where lake and river waters 
are present; or where there are post-glacial river and lake deposits. 
The drift bears unmistakable evidences of its glacial origin. 




Fig 217 

Parallel morainic ndges Goldsmith, New York. 
(Photo by the author) 
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Some of its material has been tiansported hundreds of miles, 
as proved by tracing certain types of rocks in the drift to their 
parent ledges. An important characteristic of the drift is that 
it rests upon the bed rock by sharp contact, and usually contains 
at least some material different from the bed rock, showing that 
it is transported, and not residual, material 

There are in general two classes of glacial deposits, namely, the 
unstratified ice-laid deposits which are left by the ice unaided by 
the action of water, and the stratified fluvio-glacial deposits which 
are carried and deposited by waters in, or emerging from, glaciers. 
These two classes will now be briefly described. 

Ice-laid Deposits. — Ground moraines. These consist of 
heterogeneous, unstratifled rock debris deposited underneath a 
glacier, especially during its melting and retreat. When it is 



Sketch showing a terminal moraine, M; an outwash plain, T; drumhns, D; 
and a kettle hole, C. (After A. Penck) 

mostly very fine material with pebbles or boulders scattered 
through its mass, it is called till or boulder clay (Fig. 214). The 
pebbles and boulders are often characteristically faceted and 
striated as a result of having been rubbed and ground against the 
bed rock. Ground morainic material is exceedingly widespread in 
the great glaciated region of North America 

Terminal Moraines. Whenever the terminus of a glacier 
remains in a relatively stationary position for a considerable time 
much rock debris carried by the glacier accumulates around its 
end, forming a te rminal moraine (Fig. 219). Such a moraine, 
especially as left by*tEe"great ice sheets of the Ice Age, is a rnore^ 
or less distinct range of low hills, with depressions between the 
hills, consisting of very heterogeneous, generally unstratified 
d4bris, though at times waters emerging from the glacier may 
have caused some local stratification. Valley glaciers often leave 
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looplike terminal moraimc ridges across valleys or at their mouths 
(Fig. 202). A great terminal moraine is more or less clearly trace- 
able across the United States where it marks the southernmost 
limit of the vast glaciers of the Ice Age. On Long Island it is 
wonderfully well shown by the ridge of irregular hills extending 
the whole length of the island. 

If, after a glacier has retreated a considerable distance, its 
ter min us again remains relatively stationary for some time, 



Fig. 220 

A delicately balanced glacial boulder (so-called rocking stone”) 1500 feet 
above sea level. Near Westhampton, Massachusetts. (Photo by the 
author.) 

another terminal moraine will accumulate around it. Such a 
so-called recessional moraine develops during every considerable 
pause in the recession of a glacier. Recessional moraines, forming 
a great succession of curving ridges, are wonderfully displayed to 
the south of Lakes Michigan and Erie (Pig. 215). These mark 
successive pauses of the waning Labradorean ice sheet of the 
Ice Age. 

Dnmlins, These are unstratified glacial deposits of unusual 
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interest. They represent, in reality, only a special form of ground 
moraimc material (Fig 219). They are typically low, rounded 
mounds or hills of till with elliptical bases, long axes parallel to 
the direction of the glacier movement; and steepest slopes facing 

the direction from which 

the ice flowed. They are 
commonly from 50 to 200 
feet high, and one-fourth 
to one-half of a mile 
long One of the grandest 
displays of drumlins in the 
world is in the general 
region between Syracuse 
and Rochester, New York, 
where thousands of them 
rise conspicuously above 
the level of the Ontario 
Plain (Fig. 218). Drum- 
hns are abundant in east- 
ern Wisconsin, and in a 
part of Ireland. Some also 
occur in the Connecticut 
Valley of Massachusetts, 
and aroimd Boston. 

The mode of origm of 
Fig. 221 drumhns has not been 

A remarkably balanced glacial boulder on precisely determined, but 
top of a mountam 2600 feet above sea ^ 

level About five noiles west of Garnet, , , . , 

New York (Photo by the author ) the margins of broad 

lobes of glacial ice probably 
either by ice erosion and rounding-off of till, or by accumulation 
of till beneath the ice under peculiarly favorable conditions, as 
perhaps in longitudinal crevasses. 

Erratics. These are glacial boulders left strewn irregularly 
over the country during the melting of the ice. They vary in 
size from pebbles to masses as big as small houses. Most of them 
consist of hard rock, because the softer materials are generally 
ground up soon by the action of the glacier. Some erratics have 
been moved but short distances from their parent ledges; many 
have been transported at least a few miles; while some have been 
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carried hundreds of miles. Thus boulders of Adirondack Moun- 
tain rocks occur in southern New York, and certain erratics 
in southern Minnesota came from ledges well up in Canada. 
Erratics are extremely abundant in New England and New York 


where much land had to 
be cleared of them before 
it could be cultivated. 
They occur even high up 
on the mountains. The 
writer has observed er- 
ratics of sandstone, de- 
rived from ledges in the 
St. Lawrence VaUey a few 
hundred feet above sea 
level, on the tops of moun- 
tains 4000 feet high. Er- 
ratics weighing from 5 to 
20 tons have sometimes 
been left in such remark- 
ably balanced positions on 
bed rock that they can be 
made to swing back and 
forth slightly by pressure 
of the hand (Fig. 220). 
Such boulders are some- 
times called rocking 
stones.” The writer re- 



Fig 222 


cently observed a large 
erratic standing on edge 
at the very summit of 
a peak 2600 ieet above 


A big glacial boulder remarkably perched 
upon another boulder. East of Blue 
Ridge P. 0., New York (Photo by the 
author ) 


sea level in northern New York (Fig. 221). Still another case 


observed by the writer was a rounded erratic about 14 feet in 
diameter remarkably balanced on top of another rounded erratic 
of about the same size (Fig. 222). 

Fluvio-glacial Deposits. — Valley trains. Waters emerging 
from the ice are usually heavily loaded with rock debris. When 
such waters flow down a valley which slopes gently downward away 
from the end of a glacier, the tendency is to deposit some or 
most of the load on the valley floor, often for noiles beyond the ice 
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front, forming a 'valley train (Fig. 223). Deposits of this kind, 
somewhat cut away by postglacial erosion, are finely exhibited in 
most of the gently southward sloping valleys of southwestern 
New York. Valley trains are of course stratified. 

Oviwash Plgim, When the front of a great glacier pauses for 
a considerable time upon a rather flat surface, the debris-laden 
waters emerging from the ice spread in a network of streams and 



Fig. 223 

A broad valley tram bemg formed by a braided stream emergmg from a 
glacier. Hidden Glacier, Alaska. (After Gilbert, U S Geological 
Survey.) 

deposit the d4bris more or less uniformly over the surface, forming 
an outwash plain (sometimes called a frontal apron) (Kg. 219). 
A very fine illustration is most of the southern half of Long Island 
lying just south of the great terminal moraine. Outwash plains 
are of course stratified. They are seldom formed by ordinary 
vaUey glaciers. 

Depressions from 10 to 100 feet deep, with no outlets and with 
steep sides, are often formed in outwash plains. These so-called 
kettle holes result from melting of blocks of ice which become 
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separated from the glacier during its retreat and buried under the 
outwash material (Fig 219). Kettle holes may also develop in 


glacial lake deposits 
where icebergs become 
stranded, buried under 
sediment, and subse- 
quently melted. Some 
of the depressions in 
terminal and recessional 
moraines, and also in 
groups of kames, are 
kettle holes. 

_ Kames. These are 
hills of stratified glacial 
debris with rounded 
outlines commonly 
from 50 to 150 feet high. They may exist as isolated hills or 
in small groups (Fig. 224), or they may be associated with un- 
stratified deposits of moraines. When they are grouped, deep 
depressions occur between the hills, giving rise to what is called 
^^knob and kettle” 




Fig. 225 

Detail view showing the structure of a kame 
deposit. Gloversville, New York. (Photo 
by the author.) 


topography. They oc- 
cur most generally in 
valley bottoms, but 
sometimes on hillsides, 
or even on hilltops. 
They are rather com- 
mon and widely distrib- 
uted over the great 
glaciated region of the 
northern United States, 
particularly in associa- 
tion with terminal and 
recessional moraines. 
Sometimes they form so- 
called “kame-moraine” 
ridges. Kames form at 
the margins of glaciers 


by d4bris-laden streams which heap up the material (usually 
sand and gravel) as they emerge from the ice. Sometimes the 



260 


PHYSICAL GEOLOGY 


debns-charged water rises as great fountains. Karnes are now 
actually in process of construction alongside some of the great 
Alaskan glaciers. 

Eskers. These are long, usually winding, low ridges of strati- 
•fied-glaciaTmaterial, mainly consisting of sand and gravel. They 
are seldom over 75 to 100 feet high, and their crests are generally 
narrow and rather even (Fig. 226). They are usually less than a 
mile long, but in Scandinavia and elsewhere individual eskers have 
been traced many miles. They often look like artificial railway 
embankments. They were formed by deposition in streams, 
choked (or overloaded) with glacial debris, either in channels on 
glaciers, or in tunnels beneath the ice. 


Glacial Effects upon Relief, Soils, and Drainage 

Effects upon Relief. — We have already shown how valley 
glaciers have brought about considerable topographic changes 
by straightening, deepening, widening, and steepening the sides 
of their valleys, and also how they have developed cirque basins 
and knife edge ” ridges. We have also stated that the erosion 
by the great ice sheets of the Ice Age did not profoundly alter 
the relief of the country over which they moved. Although many 
hills and low mountains were somewhat scoured and rounded off, 
and many valleys, especially those of softer rocks approximately 
parallel to the direction of ice movement, were appreciably deep- 
ened and widened, nevertheless the major relief features were left 
practically unaffected by ice erosion during the passage of the 
great ice sheets. We may also say that deposition of rock d^bns 
by the great glaciers left the major relief features practically 
unaffected. There was, however, a very appreciable tendency 
for glacial deposits to accumulate in the valleys during retreat 
of the ice, but such deposits are only minor details of the larger 
valleys such as the Connecticut Valley of New England, and the 
Hudson, Mohawk, Champlain, and St. Lawrence Valleys of New 
York. Viewed very broadly, the vast glaciers (mainly due to 
deposition in the preglacial depressions) left the country somewhat 
less rugged than it was just before the Ice Age. 

Effects upon Soils. — It is not too much to say that the 
passage of the great ice sheets wrought a revolutionary change in 
the soils of the vast glaciated area of fully 4,000,000 square miles. 
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Residual soils very largely covered the country before the Ice 
Age. The movement of the ice caused such soils to be removed 
from their places of origin, mixed up, and transported, often for 
long distances. Over eastern and central Canada, where the two 
greatest accumulations of ice occurred (Fig. 193), ice erosion pre- 
dominated over deposition, while farther south and southwest 
glacial deposition predominated. This explains w^hy eastern 
Canada (except its southern portion) is generally characterized 



Fig 226 

Part of an esker, showing its winding course. North Creek, New York. 
(Photo by the author) 


by bare rock ledges or only thin soils, while deep glacial soils 
generally prevail over New England, the Upper Mississippi 
Valley, and the southern parts of Manitoba, Saskatchewan, and 
Alberta in Canada. 

Over extensive areas, such as the upper Mississippi Valley, 
the soils were made deeper and richer on the average because the 
glacial-drift soils are there rather uniformly deep, and consist of 
finely ground rocks of many kinds still rich in the soluble mineral 
foods for plants. The preglacial soils were not only thinner on 
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numerous hillsides, but also largely depleted of the rich soluble 
mineral foods for plants. 

In New England and considerable parts of New York and 
southeastern Canada, the glacial soils are not only too sandy and 
gravelly to be very fertile, but also usually difficult to cultivate 
because of the numerous glacial boulders which they contain. 
These features of the soils are due to the fact that the ice passed 
over great areas of very hard, crystalline, igneous and metamor- 
phic rocks which, when eroded, produced large quantities of sand, 
gravel, and boulders. 

Effects upon Drainage. — Changes of stream courses, directly 
resulting from the presence of the great ice sheets of the Ice Age, 
were numerous in many parts of the glaciated area. Some of 
these changes were truly far-reaching. Many preglacial valleys 
were more or less completely filled with glacial debris, causing 
new streams, which came into existence after the ice melted, to 
follow courses very different from those of their predecessors of 
preglacial days. In other cases streams were crowded out of their 
valleys by the ice itself, and forced to erode new channels else- 
where. Many such new channels have been held to since the 
disappearance of the ice. Only a very few examples will be men- 
tioned. Immediately prior to the Ice Age, the combined Allegheny 
and Monongahela Rivers flowed northward into the Erie Basin 
instead of through the Ohio Valley as at present. Ice occupancy 
and accumulation of much glacial debris across northwestern 
Pennsylvania caused the change. Rock River in northern Illinois 
flowed southward into the Illinois River instead of southwestward 
into the Mississippi as at present. The preglacial Ohio River 
followed a devious course for fully 40 miles between Cincinnati 
and Lawrenceburg instead of the present short-cut between the 
two places, the change being due to local blockading of the old 
vaUey. The Sacandaga River of northern New York formerly 
flowed southward into the Mohawk River instead of turning 
eastward into the Hudson River as at present, blockading of its 
old valley by drift having been the cause of the change. We have 
already shown (p. 194) how the Missouri River was forced, by the 
crowding action of an ice sheet of the Ice Age, many miles west- 
ward to its present position in South Dakota. 

In many cases, where streams were forced to find new channels, 
they have carved out picturesque gorges, usually containing 
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waterfalls. A few examples are Niagara Gorge and Falls, and 
Ausable Chasm, Trenton Falls, and Watkms Glen in New York. 

Most of the lakes by far, of the scores of thousands in north- 
ern North America, are direct results of the glaciation of the Ice 
Age. Even the Great Lakes were not in existence before the 
Ice Age. Some of these numerous lakes occupy rock basins w'hich 
were scoured out by glacial erosion, but most of them fill basins 
which were formed by drift deposits blockading valleys, causing 
the streams in them to be locally ponded. Lakes of these kinds, 
as well as others, are considered at some length in Chapter XIII. 


Non-giacial Ice 

Ice in Soils and Rocks. — Over wide areas of the higher 
latitude regions of the earth, water in the soil freezes during at 
least part of the time each year, often to a depth of from 1 to 10 
feet or more. On freezing, the water in sod expands, causing 
movements which are of geological importance. The upward 
movement thus caused explains why curbstones, posts, roadbeds, 
etc., are often upheaved, and why boulders in the soil tend to work 
up to the surface. This process also causes a slow creep of soils 
and rock fragments down slopes because the expansive force of 
freezing lifts the rock particles or fragments at right angles to 
the slope, and on thawing they tend to settle vertically. By 
repetition of this process much loose rock material gradually 
creeps downhill. On steep slopes in hi^ mountains this expansive 
movement due to freezing of water in the soil or talus piles may 
initiate landslides. It should also be mentioned that erosion is 
greatly checked when the soil is frozen. 

Ice in Streams, — Along the shores and bottoms of many 
streams in cold climates ice often envelops rock fragments of 
various sizes. When the break-up comes in the spring, cakes 
of ice carrying such debris may float long distances before de- 
positing their loads. The shores of the St. Lawrence show many 
boulders which have thus been transported. 

Ice in Lakes. — So-called ice ramparts are low ridges or walls 
of rock d6bris bordering lakes and ponds, which have been formed 
by the crowding action of the expanding pond or lake ice upon 
the shores. If the pond or lake is covered by thick ice at a temper- 
ature far below freezing, and then the temperature rises rapidly, 
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expansion of the ice cover takes place, and loose materials in the 
shallow water near the shores are crowded upon the latter. This 
process, many times repeated, often builds up conspicuous ice 
ramparts. 

Sea-coast Ice. — In the Arctic and Antarctic regions, shallow 
sea-water is often frozen to a depth of a number of feet for some 
distance out from the shore, dunng the cold season Along the 
shore, rocks are frozen into the bottom of the ice, and some debris 
accumulates on top of it from the shore. When milder weather 
sets in, such ice breaks up ” into what is called Floe-ice 

not only drifts away and transports much rock material, but parts 
of it are driven by winds and tides back and forth against the 
shore, eroding and grinding the rocks. 

Icebergs. — Icebergs are formed in high latitude regions where 
glaciers flow down into the sea, or arms of the sea, and break into 
fragments, both small and large, which float away Some icebergs 
rise from 100 to 200 feet or more above the water; extend 1000 
feet or more below the surface of the water; and cover many 
acres, or, in the Antarctic, even several square miles. Since they 
are derived from glaciers, icebergs carry more or less rock material 
within and upon them, and this is strewn over the sea bottom, 
often many hundreds of miles away, as the icebergs melt. 



CHAPTER IX 


GEOLOGICAL ACTION OF WIND 
Impoetance op Wind Wokk 

Wind is an. important geological agent of erosion and trans- 
portation of rock material, but is not as eiffective as runmng water. 
Most people by far live in humid regions where the surface of the 
earth is largely protected by vegetation, and so there is a general 
lack of appreciation of the really great work accomplished by 
wind. But even in humid regions, wmd action is by no means 
slight. Every one has witnessed large clouds of dust stirred up 
from freshly cultivated fields during periods of dry weather in 
late spring. Dust of this kind is often blown for miles. By such 
removal of soil, young crops are often injured or ruined, and the 
blown soil may bury other vegetation near by. The action of wind 
is strikingly exhibited in humid regions along and near shores of 
the sea and of large lakes where sands are picked up and trans- 
ported in large quantities, often to accumulate in the form 
of dunes. 

It is in arid and semi-arid regions, however, that the wind is 
most effective as a geological agent. The importance of wind 
work becomes impressive when we realize that desert conditions 
prevail over about one-fifth of all the lands of the earth. In 
deserts weathering effects requiring moisture in the air are re- 
duced to a minimum; stream action is in general much less 
important as a factor of erosion and deposition than in humid 
regions; and frost action, due to lack of water, is relatively 
unimportant. Temperature changes in deserts are, however, jex- 
ceptionally great and rapid, as between night and day, and so the 
rocks, which are nearly everywhere directly exposed because free 
from vegetation, are broken up relatively fast as a result of 
repeated and rapid expansion and contraction (see page 61). 

Winds not only erode, transport, and deposit rock materials, 
but they also stir up waves and ^ore currents which in turn 
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become effective and important geologic agents, as discussed in 
Chapter X. 


Transportation by Wind 

It is as an agent of transportation that wind accomplishes its 
greatest work. Corrasion by wind action cannot proceed without 
transportation of loosened materials, but tremendous quantities 
of rock materials, already loosened and sub-divided by processes 
other than corrasion by the wind, are transported by the latter. 

What are some of the sources of the finely divided rock material 
which is transported by winds? Most of the material by far is 
picked up from dry surfaces of loose, fine materials of all kinds in 
all sorts of regions, but especially in deserts where such materials 
are blown about by every wind. Some of it is directly derived 
from rock ledges by the erosive action of the wind itself, as ex- 
plained beyond. Considerable quantities of dust are contributed 
to the atmosphere by explosive eruptions of volcanoes whereby 
lava is pulverized and shot far into the air (Fig. 277). During 
the explosions of Krakatoa (p. 323), a tremendous quantity of 
finely divided and pulverized rock was forced miles into the air, 
and some of it was carried completely around the earth and re- 
mained suspended for many days, causing the famous red sunsets 
of 1883. Several cubic mdes of volcanic dust were forced out of 
Katmai Volcano, Alaska, in 1912 when the mountain exploded. 
This dust caused darkness for many miles around for more than 
two days; and at a distance of 100 miles it accumulated to a depth 
of 10 inches. 

The almost inconceivable transporting power of strong winds 
over deserts is illustrated by the well-known sand storms 
of the Sahara Desert. In such a great storm many cubic miles of 
dust and sand-laden air sweep miles across the country. It has 
been estimated that one cubic mile of air in such a storm carries 
at least 100,000 tons of rock material. Dust from the Sahara is 
known to be carried hundreds of miles out into the Atlantic Ocean. 
According to an estimate, a great storm in 1901 carried nearly 
2,000,000 tons of finely divided rock material from northern 
Africa into Europe. In two days some of the dust fell in Italy 
and in three days some of it reached central Germany. 
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Wind Erosion 

Wind picks up and carries along great quantities of dry, loose, 
finely divided material, but of itself it has little or no power to 
erode solid rocks. Wind, hke water, effectively erodes rocks when 
properly supphed with tools, that is, when it has rock fragments 
with which to work. When fine material, especially grains of 



Fig. 227 

Wind and rain sculptured, soft, luny sandstone. Los Frigoles Canyon, 
New Mexico (Photo by Hamden, West Roxbury, Massachusetts.) 

sand, are driven by wind with high velocity against barren rocks, 
the latter are worn (corraded) and often polished by the process. 
The principle involved is that of the sand blast used in cleaning 
and polishing decorative and building stones, and in etching glass. 
Where rock ledges show many local variations in composition and 
hardness, they are often etched by wind erosion into very irregular, 
and often fantastic, forms (Fig. 227). 

A surprising amount of erosion may be accomplished by the 
wind, under very favorable conditions^ in a short time. A plate 
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glass window in a Cape Cod lighthouse is said to have been worn 
to opaqueness during a single hard wind storm. Window glass 
directly exposed to hard winds on Cape Cod is known to have been 
completely worn through within a few weeks or months. 

Wind-driven sand has its greatest erosive power relatively close 
to the ground because the heavier and larger fragments, not being 
lifted so high, there accomphsh the greatest work. Telegraph 
poles in desert regions often must be especially protected else 
they will be cut down by sand driven against their bases. Pebbles 
and boulders on deserts sometimes have more or less angular 
faces carved upon them by wind erosion, and rock platforms are 

often kept worn smooth 
and hard. The finer 
products of rock weath- 
ering are often removed 
about as fast as they 
form. Larger rock frag- 
ments on the surface are 
gradually worn smaller. 
In the and and semi- 
arid southwestern 
states of the United 
States, cliffs are often 
undercut by the abra- 
sive (or corrasive) 
action of the wind, 
sometimes with the 
development of large caverns The famous Sphinx, and even 
the pyramids, of Egypt have been very considerably roughened 
by the corrasive action of wind. 



Fig 228 

Wind and ram sculptured cross-bedded sand- 
stone. Tensleep, Wyoming (Photo by 
Barton, U. S. Geological Survey ) 


Wind Deposition 

Dunes. — Hills of wind-blown sand are called dunes. They 
are formed in much the same manner as snow drifts. They are 
abundant in many regions, as for example along the middle Atlan- 
tic Coast of the United States; around the southern end of Lake 
Michigan in Dune Park, Indiana; and in the desert portions of 
the western United States. Dunes mostly form in deserts; on and 
near sandy shores of lakes or oceans where the wind blows toward 
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the land; and on and near river flood plains, especially in arid 
regions where the volume of water varies greatly. Dunes seldom 
attain heights greater than a few hundred feet, though some in the 


Sahara Desert are said 
to be more than 1000 
feet high. 

A dune may begin 
to build up where there 
is a slight irregularity 
of surface, or some ob- 
stacle such as a boulder, 
causing a local check in 
the velocity of the wind 
with resultant deposi- 
tion of some of the load 
it carries. Once the 



Fig 229 

A crescentic sand dune in Wyoming (Photo by 
E E Smith, U. S. Geological Survey.) 


pile has started, its growth is accelerated by its own shape and 
size. Where the direction of the wind remains fairly constant, the 


tendency is for a gentle slope to develop on the wdndward side, 



Fig. 230 

Top of the great sand dune near Port Burwell, 
Ontario. (Photo by the author.) 


and a steep slope on 
the lee side. Sand 
blown up to the crest 
of the windward side 
is caught in a relative 
calm with a back-eddy 
on the lee side of the 
hiU, and there depos- 
ited. The lee side is 
steeper because the 
sand rolls down its slope 
(Fig. 230). Smaller 
dunes are often some- 
what crescent-shaped, 
caused by the wind 
driving sand both over 
and around the dune 


(Fig. 229). When the winds are rather variable in direction the 
sand dunes are more irregular in shape. 

Dune sand is usually crudely stratified, with prominent cross- 
bedding, due to the varying velocity of the wind which causes 
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alternately larger and smaller sand particles to be driven up the 
slopes and deposited in layers. Sand dunes are often beautifully 
ripple-marked on their surfaces by more or less parallel ridges an 
inch or more high (Fig. 231). 

Migration of Dimes. — Unless prevented by vegetation, dunes 
usually migrate in the direction of the prevailing wind. The 
migration is caused by the blowing of the sand up the windward 
slope, and its deposition on the steeper leeward slope. On a dry, 



Fig 231 

A group of npple-marked sand dunes in the Imperial Valley, CaUforma. 
(Photo by Mendenhall, "U. S. Geological Survey ) 


windy day the sand can be seen blowing over the crest of a dune. 
The rate of migration is of course determined by several factors. 
Most dunes migrate at rates of from a few feet to more than 100 
feet per year. A case of unusually rapid movement was that at 
Kunzen on the Baltic Coast where a large dune encroached upon, 
buried, and then uncovered a church, migrating about eight miles 
between the years 1809 and 1869. A pine forest, covering hun- 
dreds of acres on the coast of Prussia, was destroyed by migration 
of dunes between 1804 and 1827. In many places portions of 
farms have been ruined by migration of dunes within the lifetime 
of single owners. Forest trees have, in many places, been buried, 
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killed, and then uncov- 
ered by drifting sand 
(Fig. 233). Such phe- 
nomena are well exhib- 
ited in Dune Park, 

Indiana. 

A region of special 
interest, which has 
been carefully studied 
by Reclus, is the shore 
of the Bay of Biscay 
northward from Bay- 
onne. “ The sea here Fig 232 

throws every year upon A sand dune advancing upon a forest Near 
the beach, along a line BurweU, Ontario. (Photo by the 

100 miles in length, ^^thor.) 



some 5,000,000 cubic yards of sand. The prevailing westerly 
winds, continually picking up the surface particles from the 
seaward side, w^hirl them over to the inland or leeward slope, 
where they are again deposited, and the entire ridge by this 



means alone moves 
gradually inland. In 
the course of years 
there have thus been 
formed a complex 
series of dunes, all 
approximately parallel 
with the coast and with 
one another, and of all 
altitudes up to 250 feet. 
These are still march- 
ing steadily inward. 


Fig. 233 though at the rate of 

Tree trunks being uncovered by a migrating but three to six feet 


sand dune. Near Port BurweU, Ontario. 
(Photo by the author ) 


annually, and whole 
villages have more than 


once been torn down to prevent burial, and rebuilt at a distance, 


to be again removed, within 200 years (G. P. Merrill) 

Removal and Deposition over General Areas. — Wind-blown 
material does not, by any means, always accumulate in the form 
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of dunes and ridges. Wind action often tends to level off large 
areas by removing loose materials from higher lands and deposit- 
ing them m intervening depressions, or piling them against bases 

of mountains. This is 
true on a grand scale 
in portions of the Sa- 
hara Desert where cer- 
tain wide areas of bed 
rock are kept free from 
sand by wind erosion, 
and the sand is piled 
against the mountain 
bases, and even up the 
slopes to heights of 
1000 to 2000 feet. In 
the Great Basin region 
of the western United 
States somewhat sim- 
ilar phenomena are not 
uncommon. 

Part of the surface of the Isthmus of Suez has been cut down, 
by removal of sand, about eight feet, at the rate of four inches per 
century, the material removed from the higher and drier areas 
having been deposited in the depressions, often converting 
marshes into dry land. 

According to 
Dwight, the protective 
effect of grass was 
once so destroyed by 
pasturage on a part 
of Cape Cod that the 
wind from the Atlan- 
tic Ocean removed 
sand to a depth of 10 
feet from an area of 
about 1500 acres. 

The ruins of the 
once great cities of Nineveh and Babylon are largely buried under 
wind-blown sand and dust. Evidence has been presented to 
show that the climate of western and central Asia is now con- 
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siderably drier than it was a few thousand years ago. This 
helps us to understand why so many old villages and cities there 
have been buried under 
wind-blown deposits. 

Loess. — A kind of 
deposit of special inter- 
est, which is mainly or 
partly of wind-blown 
origin, is called loess. 

It is usually a fine 
grained, unstratified, 
yellow to brown loam 
or silt which, though Fig 236 

very slightly consoli- Sand dunes near the seashore. Pacific Grove, 
dated, has the remark- California. (Photo by the author.; 
able property of stand- 
ing in the form of high, very steep slopes or cliffs where it 
has been cut into by erosion (Fig. 237). It sometimes contains 
shells of land animds. It forms extensive deposits, commonly 

from 10 to several hun- 
dred feet thick, in 
various regions 

Certain valleys of 
northern Europe, es- 
pecially the Rhine, 
contain loess deposits. 
Extensive deposits 
occur in Argentina. 
Thousands of square 
miles in Iowa, Ne- 
braska, and Kansas 
(particularly in the 
Missouri and Missis- 
sippi Valleys) are cov- 
ered with loess which 
is seldom more than 
100 feet thick. This is 
believed to represent the fine loose material blown by the wind 
from the adjacent regions just after the withdrawal of one of the 
great glaciers of the Ice Age. The loose glacial soils were then 



Fig. 237 

A roadway through a deposit of loess in China 
Note the vertical structure. (Photo by Bailey 
Willis for the Carnegie Institution of Wash- 
ington.) 
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protected by little or no vegetation. Many thousands of square 
miles of northern China are covered with loess, much of which 
may have been blown from the Mongolian desert. It covers both 
mountainsides and valleys to depths probably as great as 1000 
feet. Some of this loess has probably been reworked and deposited 
by water. 



CHAPTER X 


THE SEA AND ITS WORK 

Extent and Depth of the Sea 

It is well known that the waters of the sea cover nearly three- 
fourths of the surface of the earth. The sea is about 45 times 
as large as the United States, that is, it covers approximately 
140,000,000 square miles. The average depth of the oceans of the 
earth is about two and a half miles. If the sea were present 
universally, everywhere with the same depth, it would be almost 
two miles deep. Yet this vast body of water is an extremely thin 
layer when compared to the earth’s diameter of nearly 8000 miles. 

The Pacific is the deepest of the oceans, its average depth 
being about two and three-quarters miles. The deepest soimding 
ever made was 32,644 feet, or over six miles, about 145 miles 
southeast of Tokio. The second deepest place is 32,114 feet, not 
far from the PhiKppine Islands. It is called the Planet Deep. In 
the Pacific Ocean there are six places where the water is over 
five miles deep, and 11 places where it is over four miles deep. 
The deepest sounding ever made in the Atlantic Ocean was 
27,972 feet, not far from Porto Rico. 

Composition op the Sea Water 

Many substances are known to be in solution in sea water, 
but, in spite of this, the composition is remarkably uniform. The 
most abundant substance by far in solution is common salt. In 
every 100 pounds of sea water there are three and one-half pounds 
of mineral matter of various kinds dissolved. Nearly 78 per cent 
of the dissolved matter is common salt. The other principal 
constituents in solution are chloride and sulphate of magnesia, 
and the sulphates of lime and potash. All other dissolved mineral 
substances together make up less than one per cent of the total. 
It has been estimated that if all the dissolved mineral matter in 
the sea could be brought together it would form a layer 175 feet 
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thick over the whole sea bottom The salts of the sea have been 
mostly supplied by the rivers which in turn have derived them 
from the disintegration and chemical decay of the rocks. 

In addition to the salts in solution, there are certain gases, 
chiefly atmospheric, that is, they have been di'^solved mostly from 
the air. Organisms and submarine volcanoes supply some gases. 
The principal gases in solution are mtrogen, oxygen, and carbonic 
acid gas 

Temperature of the Sea 

The temperature of the surface sea-water in the torrid zone 
is from 75° to 80° From this there is a fairly gradual decrease 
to about 28° in the polar regions The freezing point of sea water 
is 28° instead of 32° as for fresh w^ater. Many variations in the 
temperature of the surface sea-waters are due to ocean currents. 

In the torrid and temperate zones, at depths greater than 
4000 to 5000 feet, the temperature of the sea is always lower than 
40°. Fully two-thirds of the ocean water is, therefore, colder 
than 40°, and the water grows colder with increasing depth, even 
reaching 31° at great depths. At the greatest depths under the 
equator, the water is not far from the freezing point. In the polar 
regions the sea is of course, from surface to bottom, nearly every- 
w^here at or near the freezing point. 


Life in the Sea 

Both plants and animals exist in countless numbers in the sea. 
The animals range in size from single-celled microscopic forms 
to that of the whale. Lower orders of animals are much more 
common than the higher. Among the higher forms of animal life 
are whales, seals, walruses, turtles, and untold millions of fishes. 
The plants are mostly simple forms, like seaweeds, which range in 
size from microscopic to several hundred feet long. 

In the upper few hundred feet of the sea, and more especially 
at and close to the surface, vast swarms of organisms, both plant 
and animal, exist. Most of these are tiny to microscopic in size. 
Since plants depend upon light for their existence, they are con- 
fined wholly to the upper few hundred feet of the sea 

Murray, the great student of the ocean, says: We know 
that the whole of the surface waters of the ocean are crowded with 
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minute unicellular algae (seaweeds, etc.) which are ever busy, 
under the influence of sunlight and chlorophyll, converting the 
inorganic substances in the sea water into organic compounds, 
which in turn supply not only the food of the vast majonty of 
marine animals which hve in the surface and intermediate waters, 
but also of the m3rriads of creatures li\ing near and on the sea 
floor, miles beneath the level to which the sun’s rays can pene- 
trate, . . , The bodies of the nunute unicellular algae, which 
often have calcareous, siliceous, or chitinous shells, fall to the 
bottom after death, together with the dead bodies of the animals 
which browse in the meadows; accumulating on the surfaces of the 
deep-sea oozes and clays, they supply nourishment for the crea^ 
tures that crawl on the bottom of the sea ” 

Besides the minute forms there are “ many larger floating 
and swimming species, and some clinging and fixed forms attached 
to floating bodies such as logs and seaweeds, or to swimming 
animals. In the (so-called) Sargasso Sea, for example, there is a 
miniature world of plant hfe and dependent swimming, crawling, 
and fixed forms of animal life. Among the larger animals are 
numerous fishes, some like the herring and mackerel, swimming 
in great schools, others moving singly like the shark and sword- 
fish. The whale also roams in the surface and upper layers of 
the ocean. A multitude of floatmg species of jellyfeh and other 
forms of animal life also inhabit this zone ” (Tarr and Martin). 

Compared to the countless myriads of organisms in the upper 
layer of the sea, the animal life of the great bulk of ocean water 
is much less profuse. Deep-sea investigations have, however, 
revealed the existence of many types of animals. Many of these 
are very curious-looking creatures with no counterparts in the 
land waters. Some of them, like the so-caUed sea lily,” belong 
to types of geologically old animal forms as proved by the remains 
of similar creatures embedded in the rocks of the earth. Prominent 
among the swimming creatures of the deep sea are certain strange- 
looking fishes. Other types of animals either crawl on the sea- 
bottom or burrow through the soft, oozy substances there. 

Along the seashore, and in the shallow waters near shore, 
especially in the warmer zones, animal life is abundant and 
varied, including many shelled forms, such as clams, mussels, and 
barnacles; crustaceans, such as lobsters and crabs; so-called star- 
fishes of various sorts; and, in clear waters not colder than 68° 
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corals. In many places, as for example around Florida, and just 
north of both Cuba and Australia, the corals have built up great 
reefs by the accumulations of the carbonate of lime skeletons 
which these tiny animals have secreted from the sea water. 


Tides 

The tide is a great wave hundreds of miles across, and only 
a few feet high in the open ocean. It is caused chiefly by the 
attraction of the moon, and to a slighter degree by the sun. The 
highest wave results when the sun and moon pull together along 
the same line. Since there is a reaction about equal to the action 
on opposite sides of the earth, two tidal waves are produced at 
the same time. Because of the earth^s rotation, were there no 
lands to interfere, each of these great, low waves would pass around 
the earth every 24 hours, or, in other words, one would pass a 
given place every 12 hours. As it is, a tidal wave strikes the shore 
of each hemisphere every 12 hours, the water pihng up on the 
shore until the crest of the wave comes, after which the water 
recedes gradually. In bays and estuaries, especially those which 
are V-shaped with their wide portions toward the ocean, there is a 
tendency for the water to pile up unusually high. A very remark- 
able example is the Bay of Fundy, in which the tidal wave often 
rises 30 to 50 feet. 


Ocean Cubbents 

In the equatorial regions of both the Atlantic and Pacific 
Oceans, the steady friction of the persistent trade winds produces 
wide, westward moving, surface currents. Each of these currents, 
on striking the continental coast, divides into two portions, one 
moving southward and the other northward. Each portion then 
crosses the ocean eastward and finally turns back into the equa- 
torial belt. Thus there are in each great ocean two vast eddies, 
one north, and the other south, of the equator, with relatively 
quiet water in the midst of each. When a wide, slow current 
approaches the land, its water tends to accumulate and, where 
the slope of the land is favorable, it becomes narrower and swifter, 
giving rise to so-caUed streams. 

The Gulf Stream is formed by a crowding of part of the deflected 
equatorial current of the Atlantic into the Caribbean Sea and the 
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Gulf of Mexico. Wliere it emerges from the narrow strait between 
Florida and Cuba, it has a speed of 100 miles per day. As it moves 
along the eastern side of the United States, and into the Atlantic 
Ocean, it becomes gradually much wider, and its velocity is 
reduced to about 10 miles per day. 


Topography op the Sea Floor 

If we make a general comparison with the surface of the land, 
the bottom of the ocean is a vast monotonous plain. None of the 
sea bottom compares with the ruggedness of the mountams, and 
even the more level portions of the land surface nearly always 
show many sharp, minor irregularities, such as stream trenches; 
but the sea bottom is characterized by its smoothness of surface. 
Under the sea there are, however, mountam-like ridges, plateaus, 
submarine volcanoes, and valleys, the deeper valleys being knowm 
as deeps, but such features rarely, if ever, show ruggedness of 
relief hke similar features on land. 

One of the most remarkable relief features of the ocean bottom 
is the so-called continental shelf. It is a relatively narrow platform 
covered by shallow water bordering nearly all the important lands 
of the earth. Usually the water increases in depth seaward over 
this platform, but it seldom exceeds a depth of 600 to 800 feet 
(Fig. 238). The continental shelves of the world cover about 
10,000,000 square miles, or about one-fourteenth of the area of 
the sea floor. 

On the way from New York to Europe, a ship sails over the 
continental shelf for about 100 miles, the water gradually increas- 
ing in depth to less than 1000 feet. Then there is a comparatively 
steep descent (called the continental slope) into the great ocean 
abyss which is two to three miles deep. The floor of this abyss is a 
vast monotonous plain stretching across the Atlantic almost to 
the shores of Europe. A little more than half way across, the 
ocean bottom rises as a kind of plateau or ridge a few hundred 
miles wide, with water not more than one to two miles deep over 
it. This submarine ridge runs roughly north and south with a 
winding course through nearly the whole Atlantic Ocean. Within 
a few hundred miles of Europe the sea bottom begins to rise on a 
continental slope to a continental shelf which, with its shallow 
water, extends to the shore. 
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Waves 

There are several kinds of sea waves, such as wind waves, 
tidal waves, earthquake waves, etc. Our present concern is with 
wind waves, which are produced by the friction of wind blowii^ 
over the sea surface. Since important work of marine erosion is 
accomplished by waves, certain facts regarding them should be 
known 

It is an interesting fact that, in calm weather, the form of a 
wave advances, but the water does not. This is because the wave 
form is caused by particles of water moving in vertical, circular 
orbits. A familiar demonstration of this fact is the rising and 
falling, and to and fro movement, of a chip when small waves pass 
under it on a pond in clear weather The chip does not move 
forward, but the w^ave forms do. 

^Yhen a w^ave moves into shallow water on a gently sloping 
bottom, the low^er part has its motion gradually checked so that 
the unimpeded upper part rushes over it forming a breaker. After 
a breaker rushes upon a sloping shore, the water returns down 
the slope with development of an undercurrent called the undertow. 

If a wave strikes the shore obliquely, the undertow moves down 
the slope at right angles to the shore, and the next wave drives 
part of this same water against a slightly different part of the 
shore. Repetitions of this process cause the development of a 
shore current whose strength may be augmented by the prevaihng 
wind These shore currents are, as pointed out beyond, important 
in the building of certain shore forms 

Storm waves on the sea are conamonly from 15 to 20 feet high, 
and several hundred feet long, but they may at times be twice that 
size Such waves attain velocities of from 20 to 60 miles per hour. 

In considering the work done by waves, it is important to 
know that large waves will move coarse sand and gravel at depths 
of from 50 to 100 feet, and fine sand at a depth of several hundred 
feet. 

The force with which waves strike bold, rocky shores is also 
an important consideration because of its influence in wave 
erosion (Fig. 239). The force of impact of waves is ordinarily 
from 1000 to 2000 pounds per square foot, but in great storms it 
is several times as much when blocks of rock many tons in weight 
are moved. 
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AIarine Erosiox 

How Waves Erode. — T\Tien a wavo dashes against a rocky 
shore or cliff, water is forced into many cracks and other openings, 
causing a hydrostatic pressure which tends to disrupt blocks of 
rock in the face of the cliff Also many fissures and cre'vices are 
suddenly filled with compressed air which, on retreat of the 
wave, has its pressure relieved quickly, thus producing a so-called 
suction ” which often dislodges masses of rock. The very 
impact of the wave against a shore may be sufficient to force off 
rock material from a cliff, not only of soft or loose rock, but also 
of hard rock if there are masses of it already sufficiently loosened 
by jointing or weathering, A minor factor in the removal of rock 
material by waves is the solvent action of sea water. 



Diagrammatic structure section illustrating the development of the sea cliff, 
wave-cut terrace, and wave-built terrace (Drawn by the author.) 

Wave^ are^ most effective as agents of erosion through their 
grindmg action. Waves, like running water, wind, and glaciers, 
erode most effectively when properly supplied with rock fragments 
as tools with which to work. When strong waves, armed with 
rock fragments already dislodged from the shore, repeatedly 
strike a rocky shore or cliff, they become powerful agents of shore 
destruction. Even the hardest rocks must yield to such abrasive 
(or corrasive) action. Such battering of the rock fragments of all 
sizes, and their rubbing against one another when carried by the 
undertow, soon cause the fragments to become rounded (Fig. 240). 
The older fragments are worn down from pebbles and boulders 
to fine sand and mud, while new fragments are being derived from 
the shore. In high latitudes, when shore ice, containing many 
rock fragments, breaks up and is driven against the shore by wind 
and storm waves, it becomes an important factor of erosion. 
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Sea Cliff and Wave-cut Terrace. — Where waves are at work 
cutting into a shore of at least moderately high land, a steep front 
facing the sea soon develops. This is called the sea cliff. At first 
the waves may attack the whole face of the cliff, but after a time 
the cliff becomes so high that the waves attack only its lower 
portion. By this undercutting process, aided by weathering, 
the material from the higher portion of the cliff breaks away and 
falls to the base to furnish more tools with which the waves may 
batter the ehff. It is by the process just outlined that the sea 

cuts its way horizon- 
tally into the land. 

As the sea cliff re- 
treats, a shallow-water 
shelf, called the wave-cut 
terrace (Fig. 238) de- 
velops, over which the 
water increases in depth 
seaward to the limit of 
wave action, that is, to 
a depth of hundreds of 
feet. Such a terrace 
will not, as a rule, be 
cut many miles wide 
because the waves, in 
moving over the 
shallow-water shelf, lose their power gradually on account of fric- 
tion on the bottom. With a slow sinking of the coast, a much wider 
wave-cut terrace may of course be produced by wave erosion. 

Much material cut away and ground up by the waves is 
carried seaward usually to build up the wave-built terrace (Fig. 
238), which is something like a submarme delta. Some of it is 
carried by shore currents to form spits, bars, etc., as explained 
beyond. 

Rate of Retreat of Sea Cliffs. — The rate of retreat of sea 
cliffs is known in many places. The rate is of course dependent 
upon various factors, particularly the force and persistence of 
wave action, and the nature of the rocks 'attacked. A cliff of 
loose material is cut back often so rapidly as to be a matter 
of common knowledge. A remarkable example is the island of 
Heligoland on which, xmtil recently, was located the powerful 



Pig. 239 

Sea waves eroding a rocky coast. Santa Cruz, 
California (Photo by the author) 
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German fort, guarding the Kiel Canal. In the year 800 a.d., 
this island had 120 miles of shoreline; in 1300 it had 45 miles of 
shore; in 1649 only eight miles; and in 1900 only three miles. 

In southeastern England whole farms and \allages have been 
washed away in the last few centuries, the sea cliffs retreating 
from 7 to 15 feet a year.^’ A church located a mile from the sea- 
shore near the mouth of the Thames in the 16th century now 
stands on a cliff overlooking the sea. 



Fig. 240 

Sea cliff with wave-worn boulders at its base Near San Pedro, Califoniia. 
(Photo by the author) 


An island of soft-rock material in Chesapeake Bay covered 
over 400 acres in 1848, and the waves reduced it to about 50 acres 
by 1910. 

Certain cliffs of soft material on the island of Martha^s Vine- 
yard retreated five and one-haK feet per year between 1846 and 
1886. Wave erosion on very hard rock, like granite, is far less 
rapid. 

Caves, Coves, Stacks, and Arches. — Many irregularities 
are often developed during the retreat of the sea cliff and the 
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cutting of the wave-cut terrace. Sea caves are often produced 
along the bases of cliffs by wave action, especially where masses 
of weaker rocks he at or near sea level. 

If, along a coast, masses of more easily eroded rocks are 
separated by harder or more difficultly eroded rocks, the waves 
will cut the former back faster to form sea coves^ while the latter 
project into the sea to form headlands. 

If part of the roof of a sea cave collapses, or if two caves on 
opposite sides of a sharp headland umte, a sea arch results (Fig. 

242) The waves will 
continue to batter the 
arch until it collapses. 

Unequal wave ero- 
sion along a rocky coast 
often leaves isolated 
portions of cliffs known 
as stacks (Fig. 243). 
They are at most very 
temporary objects. A 
famous example is the 
Old Man of Hoy in 
the Orkney Islands. 
It is an isolated joint 
column of colored 
sandstone 600 feet high. 
Many examples of 
stacks occur on the New England coast, and on the Pacific 
coast of North America. 

Plains of Marine Erosion. — With sufficient uplift of land 
relative to sea level, a wave-cut terrace becomes a plain (or 
terrace) of marine erosion. The surface of such a plain, like that 
of a stream-developed peneplain, cuts across all kinds of rocks 
irrespective of their composition and structure. On a peneplain, 
however, the rock waste is characteristically a residual soil, while 
that of a plain of marine erosion consists of water- worn transported 
material rather uniformly spread over the surface. The surface 
of a newdy upraised marine plain is usually smoother than that of a 
plain of stream erosion, and the erosion remnants left by the waves 
are steeper sided than those on a peneplain formed by streams. 
A remarkable example of a long plain of marine erosion with 



Fig 241 

Horizontal strata being irregularly cut into by 
sea waves Near Laguna, California. (Photo 
by the author.) 
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steep-sided, isolated masses (former idands) rising above its 
surface occurs on the eastern side of India. 

A conspicuous marine terrace, usually with an altitude of 
approximately 100 feet, faces the sea at many places along several 
hundred miles of the coast of southern California. Still higher 
terraces, proving successive uplifts of the sea floor, are also well 
preserved along parts of this coast. 



Fig. 242 

A natural bridge carved out by high-tide waves Santa Cruz, California. 
(Photo by the author.) 


Southern New England in general slopes from Massachusetts 
southward to tide water, but it does so by a series of more or 
less weU-defined, broad, steplike platforms. It has been advo- 
cated recently that these platforms represent marine plains or 
terraces raised out of the sea by successive movements in rela- 
tively recent geological time. In this region the surface of the 
terraced plain, being older, has been much more modified by 
weathering and erosion than that around Los Angeles. 

Before leaving the consideration of marine erosion, mention 
should be made of the fact that, during the long eons of earth 
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history', the sea has been a much less important factor in cutting 
away the lands than the subaerial agents of erosion, particularly 
streams. Subaerial agents of weathering and erosion operate 
incessantly over most of the land surfaces, while marine erosion 

is restricted to the mar- 
gins of the lands, and, 
as a matter of fact, 
only to parts of the 
land margins because, 
in many places, marine 
deposition, rather than 
erosion, is taking place 
along coasts. At the 
rate of five feet per 
century — a higher rate 
than obtains on the 
youthful rocky coast 
of Britain — it would 
require more than 10,- 
000,000 years to pare a 
strip 100 miles wide from the margin of a continent, a time suffi- 
cient, at the rate at which the Mississippi Valley is now being 
worn away, for subaerial denudation (erosion) to lower the lands 
of the globe to the level of the sea ” (W. H. Norton). 



Fig 243 

Remnants of wave erosion (so-called **stacks”) 
La Jolla, California. (Photo by the author ) 


Marine Deposits 

V ieweddn - a br oad -way, there are tT^ ...gi:eat-eIasses of marine 
deposits: (1) those laid down in shallow water comparatively 
near the borders of the land, that is, on the continental shelf and 
continental slope; and (2) the abysmal (deep sea) deposits laid 
down on the floor of the deep ocean. 

Shallow-water Deposits . — General statement Marine sed i- 
ments which accumulate along and near the continental borders 
are largely land-derived materials, that is, they are mostly sedi- 
ments carried by streams from the land into the sea, and to a 
less extent rock materials broken up by the waves along many 
shores. Prantioally all land-derived material is deposited within 
100 to 300 miles of the shore. The quantity of such sediment 
carried into the sea each year is tremendous. Thus the Missis- 
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sippi River carries several hundred million tons of sediment into 
the Gulf of Mexico each year. 

The continental border deposits are extremely variable. Near 
the shore they are chiefly gravels and sands, while farther out 
they gradually become finer, and on the continental slopes only 
muds are deposited. These deposits usually contain more or less 
organic material, especially shells and skeletons of organisms 
In some cases such organic remains predominate, or even exist 
to the exclusion of nearly all other material, as is true of the coral 
deposits (or reefs) which form only in warm, shallow water. 





Fig 244 

A crescentic gravel beach. Conception Bay, Newfoundland (Photo by 
C D Walcott for U. S. Geological Survey.) 

Materials which accumulate on the shallow-sea bottom around 
the borders of the lands are of great significance to the geologist 
because just such marine deposits, now consolidated into sand- 
stones, conglomerates, shales, and limestones, are so widely 
exposed over the various continents. A knowledge of the con- 
ditions under which shallow-sea deposits are now forming is, 
therefore, of much value in interpreting events of earth history 
as they are recorded in similar rocks which have been accumulating 
through mUlions of years of time, and which have, from time to 
time, been raised into land, and more or less eroded. 
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Bfiaches and bamers. The loose material, ranging in size from 
rery fine to large boulders, which is shifted and ground up by the 
bction of the waves, undertow, and shore currents, is called the 
>each. It consists of the zone of rock fragments within reach of 
he waves along the shoie. “ Its lower margin is beneath the 
vater, a httle beyond the hne where the great storm waves break, 
ts upper margin (on shore) is at the level reached by storm waves, 
ind is usually a few feet above stih water ” (Chamberlin and 



Sketch map illustrating erosion of a headland and development of a shore 
current, beach, spit, bar, cove, and stacks (After W H Hobbs ) 


Salisbury). The upper portion of the beach consists generally of 
coarser material, while its lower, or constantly under-water por- 
tion, is made up of finer material. Beaches are, as a rule, not 
prominently developed at the bases of sea cliffs, but (except along 
v'ery young coasts) they are well-developed generally around the 
shores of coves and recesses of the coasts (Fig. 244 ). Where the 
land slopes down to the sea gently, as on coastal plains, beaches 
ire often also finely developed. 

Where the sea bottom slopes very gently from the shore, 
naterials which are derived by inflow of streams, and spread over 
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the bottom by currents and undertow, may be acted upon by 
waves which drag the bottom and break some distance from the 
shore. The breaking of such waves causes the water (not merely 
the wave form) to rush forward, stirring up and dragging along 



Fig 246 

Map showing beaches and spits near New York City m 1916. Figures rep- 
resent depths m fathoms below low tide. (After TJ. S Coast and Geodetic 
Survey ) 

sediment. The undertow carries back much of the material 
which tends to accumulate in an offshore zone where the forward 
rush, and the reversed undertow movement, about counter-bal- 
ance. A long harrier beach j or a series of barrier islands, thus builds 
up some distance out, parallel to the general coast line (Fig. 247). 





290 


PHYSICAL GEOLOGY 


A barrier beach may be built up to the surface of the water by 
wave action, and then increased in height by wind action, form- 
ing the sand into dunes. Such barrier beaches are prominently 
displayed along the Atlantic and Gulf Coasts of the United 

States from New Jer- 



Fig 247 

Barrier beaches along the New Jersey Coast m 
1916. Depths in fathoms below low tide. 
(After U S Coast and Geodetic Survey.) 


sey to southern Texas. 

The water of the 
area between the bar- 
rier and the shore is 
called a lagoon or 
sound, depending upon 
its size. Its water is 
seldom more than 10 or 
20 feet deep. Lagoons 
are often converted 
partly into marshes 
either by accumulation 
of sediment from the 
land, or by vegetation, 
or by both. Atlantic 
City, New Jersey, is 
built upon a barrier 
beach bordering such 
a lagoon. 


Syits and ba rs. 
When a shore current, 
carrying sediment, 
comes to a cove or a 
narrow emba^nnent on 
the coast, it tends to 
keep to its course 


rather than to follow the shore of the embayment. The sediment- 


laden shore current thus moves into deeper, quieter water where 
its load is deposited, and thus a spit builds out from the shore 
(Fig. 245). When the current moves across the mouth of an 


embayment, the spit may continue to extend imtil it nearly, or 
quite, closes the embayment. It is then called a bar (Fig. 249). 

The building of deltas, often of large extent, into the 
sea (or into lakes) by rivers, under certain conditions, has already 
been considered in the discussion of stream deposition in Chapter 
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VII. Sea deltas are built of land-derived materials carried in by 
rivers, but they may be regarded, in a real sense, as marine 
deposits because they build out into the sea 

Wave-huil t terxgce. Where sea cliff and wave-cut terrace are 
both being eroded by wave action, the loosened materials are 



Fig. 248 

Great curved spit at the end of Cape Cod, Massachusetts Figures show 
depth of water in fathoms (After TJ. S. Coast and Geodetic Survey.) 


ground up and, in large part, may be gradually shifted over the 
bottom to the deeper water at the seaward edge of the wave-cut 
terrace, and there deposited. A very considerable wave-buiU 
terrace may be formed by this process in the course of time (Fig. 
238). The continental shelf is often a combination of wave-cut 
and wave-built terraces. 

Shallow-water features, such as sea cliff, wave-cut terrace, 
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beach, barrier, bar, and spit, are often preserved for some time 
after elevation of the shallow sea-bottom into land 

Deep-sea Deposits. — The deposits on the deep-sea bottom, 
down to depths of two and three miles, are very largely organic, 
that is, mainly shells and other remains of orgamsms which have 
fallen to the bottom from near the surface of the sea as already 
explained. The mos^ common of such deposits are the deep-sea 
oozes which are made up of the remains and shells of tiny animals 

and plants. Such 
oozes cover about 
60,000,000 square 
miles of the deep-sea 
bottom. 

At depths greater 
than two to three 
miles, apeculiar redclay 
is the primary deposit. 
It is very widely 
distributed, covering 
an area of 65,000,000 
square miles, or an 
area as large as all the 
lands of the earth. 
Some remains of or- 
ganisms are mixed 
with the clay, but since 
most of the shells are limy and very thin, they are dissolved 
without reaching the bottom in the very deep water which 
is not only under great pressure, but also rich in carbonic acid 
gas. 

The deep-sea deposits, both oozes and red clay, do, however, 
contain some land-derived and other materials. Thus off the west 
coast of Africa some dust from the Sahara Desert is known to fall 
into the deep sea. Volcanic dust is often carried many miles, 
and deposited in the deep sea, particularly in the southern Pacific 
Ocean. Bits of porous volcanic rock called pumice sometimes 
float long distances on the ocean before becoming sufficientl 3 '' 
water-soaked to sink. Icebergs often drift far out from the polar 
regions over the sea, and, on melting, the rock d4bris which they 
carry is dropped to the sea bottom. Also particles of iron and 



Bars almost completely enclosing embayments 
of Lake Ontario (After U S Geological 
Survey.) 
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dust from meteorites (“ shooting stars have been dredged from 
the deep sea. 

One important geological significance of the abysmal deposits 
is the fact that nowhere on any continent, among the rocks of all 
ages as old at least as the earliest Paleozoic, do we find any 
typical, deep-sea deposits. There is, therefore, no evidence that 
deep-sea water ever spread over any considerable part of any 
continent, and this is so in the face of the fact that abundant 
marine deposits of shallow-water origin show that shallow seas 
have at various times spread over large portions of continents. 
There has been, then, a strong tendency for the continents to 
maintain approximately their present positions for many millions 
of years. 

Normal Cycles of Shoreline Development 

Cycle Inaugurated by Uplift. If a part of the relatively 
smooth sea-bottom should be raised into land, the resulting 
shoreline would” of course b,e regular and free from indentations 
or^sh^ embayments. 
kind are: near Cape 
Nome, Alaska; the 
northern coast of Spain; 
and the west coast of 
northern South Amer- 
ica. Soon, however, 
such a shoreline, where 
the water is suflB.ciently 
deep offshore, is at- 
tacked and, either 
where the waves are 
greatest or the rocks 
are weakest, indenta- 
tions win result from 
erosion. The whole 
coast is thus eaten back 
gradually until the 
power of the waves is 
spent largely in traveling across the shallow-water shelf. Sand 
bars are then built across the mouths of the bays or indentations, 
which latter the rivers fill gradually with sediment. The result is 


Examples of very young coasts of this 




,1 ’ ' 



Fig. 250 

A marine terrace (with “stack") bemg cut into 
by sea waves. Near Pismo, California. (Pho- 
to by the author ) 
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a relatively straight, or regular, old shoreline. The coast of 
Texas has almost reached this stage. Where, along a newly up- 
lifted coast, the sea bottom slopes very gently, erosion will amount 
to little or nothing, and beaches or barriers will develop with- 
out disturbing notably the original regularity of the uplifted 
coastline. 

Cycle Inaugurated by Subsidence. — If a portion of a rela- 
tively rugged land surface should become submerged under the 
sea, a very irregular, deeply indented shoreline would result, due 
to the entrance of tide water into the valleys. Such drowned 



Fig. 251 

A fiord, Grenville Chaimel, British Columbia. (Photo by W. W. Atwood 
for the U. S Geological Survey ) 

valleys (p. 190) become estuaries, or, if they are unusually deep 
and narrow as a result of glacial erosion, they become jiords 
(Fig. 251). Chesapeake Bay and Delaware Bay are good illustra- 
tions of estuaries, and fine examples of fiord coasts are in Maine, 
Alaska, and Norway Such a sunken coast is attacked by the 
ocean waves which at first make it rougher and even more ir- 
regular. Then the promontories are cut back until the broad 
shallow-water shelf is formed, after which bars are built across 
the remaining embayments, and the shoreline becomes relatively 


THE SEA AND ITS WORK 


295 


regular. Submergence of a smooth land area would of course 
result in a regular shoreline which would at first become more or 
less irregular and indented, and then again regular through wave 
action, according to the depth of the water off-shore. It is, then, 
a remarkable fact that, whether coast forms originate by emer- 
gence of sea bottom, or by sinking of land, there is a very strong 
tendency on the part of nature to develop regular shorelines. 

Comparison of Coastal and River Cycles. — “ There are 
several points of similarity between coastal cycles and the erosion 
cycles of rivers First a river system roughens the surface of its 
basin, increasing its rehef ; fimally it reduces it to a smooth plain, 
near sea level. As indicated above, waves and currents normally 
increase to a maximum the irregularities of a coast, and finally 
reduce them to a minimum. An essential difference is that the 
irregularities of the river basin are vertical irregularities, whole 
those of the shoreline are horizontal. In each case the cycle of 
development is introduced by diastrophism.^^ (Blackwelder and 
Barrows). 

It must of course be borne in mind that the normal cycles of 
shore development, like those of river erosion, are often mterrupted 
either by uplift or by sinking of the land. It would involve us in 
too much detail, for our present purpose, to discuss the various 
important changes which result from such interruptions by 
diastrophism. 


Islands in the Sea 

Sea islands range in position from those very close to shore to 
others which he in the midst of a great ocean. They vary in size 
from mere points of rock to those of very great size, for example 
Australia, which may be said to have continental dimensions. 

Among the most common modes of origin of sea islands are : 
earth-crust movements; wave erosion; wave deposition; vol- 
canic action; and the action of organisms. Brief explanations of a 
few examples will serve to make the involved principles fairly 
clear. 

Fine examples of islands formed by earth-crust movements are 
those off the coast of southern California. They were parts of 
the mainland until in very recent geological time (present period) , 
as proved by fossil remains, etc., when they were separated by a 
general submergence of the region, leaving the higher seaward 
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portions projecting as islands. Since then they have been affected 
by other movements, as for example San Clemente which has been 
elevated hundreds of feet (Fig. 62). Many of the islands along 
the coast of Maine and of southern Alaska are direct results of 
general coastal subsidence. The great island of Austraha was 
cut off from the Asiatic Continent about the beginning of the 
present (Cenozoic) era, as proved by a comparison of the fossils 
of the island with those of the adjacent mainland. All such islands 
have of course been attacked and modified more or less by wave 
action. 

Many islands, generally of small size have originated by 
isolation of parts of a rugged coast by wave erosion, as already 



Fig. 252 

Part of a great coral (barrier) reef of Australia at low tide. 
(After W. M Davis.) 


outlined. Sometimes the neck of a headland, or even a peninsula 
of considerable size, may be cut through by wave action, leaving 
an island. Many examples occur off the coast of Maine and 
southern Alaska where islands and headlands resulting from sub- 
mergence have been thus affected. 

Relatively long, narrow islands, called barriers and barrier 
islands (already described), result from wave deposition off-shore 
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where the bottom is very gently inclined seaward. Numerous 
examples occur on the Atlantic and Gulf Coasts of the United 
States from New Jersey to southern Texas. 

Eruptions on the sea floor may continue not only until the 
volcanic materials are built up to, but also far above, the surface 
of the sea. Wonderful examples of islands thus constructed are 
the Hawaiian Islands which rise out of the midst of the Pacific 
Ocean where the depth of the water is several miles. One of these 
islands is about 80 miles wide with two volcanic cones, each 
nearly 14,000 feet high. The total up-building by volcanic action 
to form this island has been, therefore, fully 30,000 feet. The 
Azores, most of the West Indies, the Aleutian Islands, and many 
of the East Indies are also islands of volcanic origin. 

Oceanic islands formed by the action of organisms are mainly 
coral islands. Corals are tmy, low-order animals which build up 
limy skeletons by secretion of lime which is dissolved in sea 
water. Under favorable conditions, countless myriads of corals 
live in colonies. Extensive limestone deposits are formed by the 
gradual accumulation of their skeletons. Corals live only in clear 
sea water, not cooler than 68° F., and not much deeper than 150 
to 200 feet. They thrive best where freely exposed to waves and 
currents which supply the food. 

Chains of islands, or long, narrow belts, consisting of accumu- 
lated coral remains are called coral reefs. The greatest reefs are 
hundreds of miles long, as for examples on the northern side of 
Cuba, and on the northeastern side of Australia (Fig 252). A 
coral reef attached to the shore is called a fringing reef; one 
situated offshore some distance, and roughly parallel to the shore, 
is called a barner reef; and a more or less circular reef enclosing a 
lagoon is called an atoll. 

Several explanations of barriers and atoUs have been pro- 
pounded. Thus a fringing reef attached to a roughly circular island 
would, by slow subsidence, accompanied by coral up-building, 
be transformed into a barrier reef, which on complete sinking of 
the island, would become an atoll. Or, corals growing on any 
submerged platform, or island truncated by the waves, would 
build upward and outward (because of more favorable food supply) 
to the sea surface to form an atoU. A barrier reef might develop 
also parallel to a shore without subsidence. In this case a fringing 
reef might build steadily outward and upward from near the 
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shore, while the portion between its outer side and the shore, not 
favorable to coral growth, would be scoured out and dissolved by 
tidal currents. 

Corals can build reefs to about the average tide level only. 
Storm waves may break off pieces of the reef and pile them up 
well above sea level. Such material may then be built up into 
wind-blown deposits stiU farther above sea level, as in the case of 
Bermuda, Coral islands of all kinds and sizes are very common 
in the southern Pacific Ocean. 

Origin of the Sea 

Just how the sea originated is a problem by no means satis- 
factorily solved. Any view which we may hold regarding the 
origin of the ocean must be associated closely with, and largely 
dependent upon, our view of the origin of the earth itself. 

An older doctrine, known as the “ Nebular Hypothesis,^’ 
regards all the material of the sun and the planets, including the 
earth, once to have been in the form of a vast rounded mass of 
highly heated, rapidly rotating gas or nebula As this mass 
slowly lost heat, it contracted and left off rings, the material of 
each of which condensed to form a planet. Thus the earth 
originated, and, due to its cooling and contraction, its original, 
hot, heavy atmosphere, which contained all the earth’s water in 
the form of vapor, gradually became thinner and cooler. Accord- 
ing to this view, the waters of the sea are essentially condensed, 
originally highly heated gas. 

A more recent doctrine has been called the “ Planetesimal 
Hypothesis ” According to it the matter of the sun and planets 
was at one time in the form of a great spiral-shaped swarm of 
masses and particles not in a gaseous condition. A few of the 
larger masses attracted gradually, or gathered to themselves, 
most of the smaller ones, and thus the planets, including the 
earth, were built up. As the earth increased in size, the force of 
gravity increased, and various gases, including water vapor, were 
squeezed out to form the atmosphere. When sufficient water 
vapor accumulated, precipitation started, and the waters of the 
sea began to gather. According to this view, the waters of the 
sea have been forced out of the earth. 

Alt.T^mio*Vi flip nTicn'n nf gpq ics a+ill o rimKloyn ■na'cra-»4Viplpcsa 
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we do know that the sea has been on the earth for an extremely 
long time. The age of the ocean must be measured by at least 
some tens of millions of years. There is evidence that sea water 
existed in the oldest era known to the geologist, that is at least 
50,000,000 years ago. 



CHAPTER XI 


VOLCANOES 

Geological Importance of Volcanoes 

A volcano is a vent in the earth^s crust out of which hot rocks 
(either molten or solid) and hot gases issue. In the popular mind, 
volcanoes take rank among the most important and real of all 
geological phenomena This is because of both the terrifying 
grandeur and mighty power of violent eruptions, and their de- 
struction of life and property. Great active volcanoes, hke earth- 
quakes, are, however, only relatively minor, outward, sensible 
manifestations of the tremendous earth-changing forces which 
operate below the surface. Volcanoes are, from the geological 
standpoint, much less important than the mighty interior forces 
which cause the rocks of the earth's crust to be folded and faulted, 
and large portions of continents to be upraised or depressed. 
Quantitatively considered, the geological work accomplished by 
volcanoes is notably less than the work of erosion accomplished by 
running water 

In our study of igneous rocks we learned (p 49) that volcanic 
action is but one of the two important kinds of igneous activity — 
plutonic and volcanic — that is, deep-seated shifting and intrusion 
of molten materials (magmas) into the earth's crust, but not to 
its surface ; and the eruption (or extrusion) of hot rock materials 
upon the earth's surface. Even as an igneous agency, volcanic 
action is quantitatively notably less important than plutonic 
(deep-seated) action. 

In making comparisons like those just stated, we must bear in 
mind the fact that we are dealing with stupendous forces and 
tremendous masses of the earth's crust, so that volcanic action is, 
after all, not only a very conspicuous, but also a really significant, 
means of changing the face of the earth. The geological import- 
ance of vulcanism becomes impressive, indeed, when it is realized 
that, conservatively estimated, fully 500,000 cubic miles of 
volcanic rocks have been forced out upon the surface of the earth 
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during the present era of geological time, and that volcanic action 
was important during each of the five known great eras. In 
some cases large mountain ranges, like the Cascade Mountains 
of Oregon and Washington, have been constructed largely of 
volcanic materials. 


Shapes and Sizes of Volcanoes 

A volcano, in its t3^ical form, is a cone-shaped mountain 
with a pitlike opening, called a crater ^ at the top, through which 
hot rock materials and gases are ejected. The mountain is, 



Fig. 253 

Molten lava seething, boiling, and swirling around an island of sohd lava. 
Crater of Kilauea, Hawau (Photo by L de Vis Norton, courtesy of the 
National Park Service.) 

however, a secondary feature of a volcano. The vent is its essen- 
tial part Accumulation of volcanic rocks around the vent 
causes the building-up of the cone which is of course only an effect 
of the volcanic action. Even the great volcanoes started simply 
as vents or fissures in the earth^s crust. 

Cones of volcanic origin range in height from a few feet to 
several miles. Illustrative examples of well-known cones are the 
following: at Mono Lake, California, where there are cones only 
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10 to 30 feet high; Cinder Cone in Lassen Volcanic Park, Cali- 
fornia, 640 feet high; Mt. Vesuvius, Italy, 3880 feet high; 
Stromboli, about 5000 feet high, as measured from the floor of 
the Mediterranean Sea on which it stands; Lassen Peak, Cali- 
fornia (Fig. 278), and Mt. Etna, Sicily, each over 10,000 feet high; 
Mt. Shasta, California (Fig. 270), and Mt Rainier, Washington 
(Fig. 188), each rising to over 14,000 feet above sea level, and 
8000 to 10,000 feet above the surrounding country, and Cotopaxi 
(altitude, 19,600 feet), Chimborazo (altitude, 20,500 feet), and 
Aconcagua (altitude, 23,000 feet), all of which rise 10,000 to 



Fig. 254 

Molten lava pourmg over a cliJff into water. Hawaii. (After DiUer, U S. 
Geological Survey ) 


12.000 feet above the general level of the great elevated platform 
of the Andes Mountains. Very remarkable cases are Mauna 
Loa and Mauna Kea on the island of Hawaii, each rising nearly 

14.000 feet above sea level, and fully 30,000 feet above the floor 
of the sea from which they have been built up. 

^ At their bases, volcanic cones are commonly from less than a 
mile to many miles in diameter. Examples of a few larger ones 
are: Mt. Rainier, with a basal diameter of over 10 miles; Mt. 
Sb^ta, 17 miles; Mt. Etna, 30 miles; and Mauna Loa, with a 
major diameter of 74 miles, and a minor diameter of 53 miles, 
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measured at sea level. Mauna Loa is probably the biggest vol- 
canic cone on the earth. 

Craters of active, and very recently active, volcanoes range 
in diameter from a few feet to several miles, and in depth from 
a few feet to several thousand feet. On relatively older, inactive 
cones, the craters have of course been partly, or completely, 
qbhterated by erosion. Very large craters, often called calSieraSy 
have usually resulted either from violent explosions which have 
caused the tops of great cones to be blown away, or by subsidence 
of the mountain tops. A few examples of craters are as follows: 
Cinder Cone, Califor- 
nia, a few hundred feet 
wide, and 240 feet deep; 

Lassen Peak, one-fifth 
of a mile in diameter, 
and a few hundred feet 
deep; Cotopaxi, one- 
half of a mile in diame- 
ter, and 1500 feet deep; 

Mauna Loa, about two 
and one-half miles in 
diameter, and 1000 feet 
deep; Katmai Volcano, 

Alaska, three miles m 
diameter, and several 
thousand feet deep; 
and Mt. Mazama, Oregon, with its famous Crater Lake, nearly 
six miles in diameter, and several thousand feet deep. 

The steepness of the sides of volcanic cones varies from only 
5° to 10®, as in the case of Mauna Loa; to 30° or 35°, as in the case 
of the upper portion of Mt. Shasta; or even to 40° in some recent, 
so-called cinder cones. 



Pig 255 

Wavy, porous lava still hot and steaming. 
Kilauea, Hawaii. (Photo by the author.) 


Volcanic Products 

Gases and Vapors. — Tremendous volumes of gases and 
vapors are discharged through volcanic vents. The most abundant 
by far is water vapor, or steam. The quantitative importance of 
water vapor as a product of great volcanoes may be realized 
somewhat by consideration of an estimate that about 462,000,000 
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gallons of water in the form of steam were discharged in 100 days 
from a secondary cone on the side of Mt. Etna. Great clouds of 
steam, usually mingled with more or less volcanic dust, often rise 
to heights of several miles above large volcanoes during their 
periods of explosive activity (Fig. 267) Condensation of such 
steam clouds sometimes causes heavy rainfall in the vicinities of 
the volcanoes. Much water vapor also escapes from streams of 



Fig 256 

A lava-flow over the edge of an old lava tunnel. Kilauea, Hawaii. (Photo 

by the author.) 


molten lava, and the discharge often continues for weeks, or even 
months, after the lava solidifies. 

Among the many other gases which are given off by volcanoes 
and lava flows are the following: sulphide of hydrogen, oxide 
of sulphur, hydrochloric acid, hydrofluoric acid, boric acid, nitro- 
gen, hydrogen, oxygen, and carbonic acid gas. All of these may 
not be given off during a single eruption, or from a single volcano. 
Some of them may not exist as such in the magmas, because 
certain chemical combinations may take place immediately after 
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vapors and gases escape into the air before they can be collected 
and studied. 

Lavas. — Lava streams. The molten materials which issue 
from volcanoes and fissures in the earth, as well as the rocks which 
result from their cooling, are called lavas. When they are in a 
molten condition, such materials are known as magmas (Eig. 253) . 
The temperature of magma is very high, commonly ranging from 
a little over 2000° F. to nearly 4000° F. In a general way, increase 
in the percentage of oxide of silicon (same in composition as 
quartz) in the various minerals of the magma increases the 



Fig 257 

Lava sheets, representing successive lavar-flows, exposed by erosion. Near 
Pahroc Springs, Nevada (Photo by C D. Walcott for U. S. Geological 
Survey ) 

temperature necessary to keep the material molten. The molten 
lavas of Hawaii, being low in the chemical constituents mentioned, 
show a relatively low temperature, that is at about 2300° F. 

During many volcanic eruptions, magma rises in the crater 
until it pours over the edge, and flows down the side of the moun- 
tain in one or more streams, much as would streams of molten 
iron (Fig. 254). Lava is white-hot when at a high temperature, 
and in a highly fluid condition, but it soon changes to a dull-red 
glow after it leaves the vent. As the magma flows down the 
mountain and gradually cools, it becomes a thicker liquid (that 
is more viscous), some minerals begin to crystallize in it, and 
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finally the whole mass becomes solid lava. A thick lava-flow 
requires months or even years to become thoroughly cooled 
(Fig. 255). Lava streams are very commonly from one-fourth to 
one-half of a mile wide, and from 25 to 100 feet or more deep. 

Streams of lava do not always pour out of summit craters of 
volcanoes. They may break out of the sides of the cones, as has 
invariably happened in the case of the great active volcano of 
Mauna Loa, Hawaii, during the last 125 years. In such cases the 

pressure necessary to hft 
the columns of molten lava 
to the summits of the 
mountains is so great that 
relief of the pressure takes 
place by development of 
one or more fissures on the 
flanks of the cones out of 
which the molten lavas 
pour 

During the process of 
flowage and cooling of a 
lava stream, a time comes 
when there is a strong 
tendency for a hard, rel- 
atively cold crust to form 
over the still molten ma- 
terial underneath. It is 
often possible to walk in 
comparative safety over 
such crusts. Molten ma- 
terial of a lava stream may, 
undeT* favorable conditions, 
drain away under its hardened crust, leaving a long, narrow, more 
or less winding cave, or so-called lava tunnel. Such tunnels, 
which usually range in length from a few hundred feet to several 
miles, and in diameter from 20 to 50 feet, are often remarkably 
smooth and regular inside (Fig. 259). Under other conditions, 
the irregular movement of the lava stream may cause its crust 
to be broken to pieces, and no tunnel results. 

A stream of lava in a very hot, highly fluid condition usually 
flows down a fairly steep mountainside at the rate of from a few 



Fig. 258 

A spatter-cone on the roof of a lava tunnel. 
Kilauea, Hawau. (Photo by the 
author.) 
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miles per hour to perhaps 8 or 10 miles per hour. As it cools, 
however, the magma becomes thicker and more viscous, and its 
rate of motion slowly diminishes until it finally stops. It is not 
uncommon for streams of lava in Hawaii to continue a slow move- 
ment for weeks, or even months. 

The distance which a lava stream flows is determined by several 
factors such as temperature, degree of fluidity, kind of molten 
rock and steepness of slope. Lavas hke those of Hawaii and Ice- 
land are of such a na- 
ture that they remain 
fluid at exceptionally 
low temperatures for so 
long that they have 
commonly flowed for 10 
to 25 miles, and, in some 
cases, even 30 to 50 
miles. Extreme cases to 
the contrary are where 
lavas are so viscous 
that they pile up close 
around the vents' as 
shown by certain re- 
cently extinct volcanoes 
of France and Germany. 

Kinds of lavas. 

When lavas solidify 
from a molten condi- 



tion they have either a 
glassy, or a stony, ap- 
pearance. Volcanic 
glass (Fig. 30) (called 


Fig. 259 

Detail view in a lava tunnel 40 feet high, 
Gular, Washington. (Courtesy of the U. S, 
Forest Service.) 


obsidian) is much less common than stony lava. It results from 
very rapid cooling, especially of the more viscous magmas rich 
in oxide of silicon. Such a condition is unfavorable for the mol- 


ecules to build themselves together in the form of crystals, which 
latter would give the rock a grained, or stony, appearance. Vol- 
canic glass is, among many other places, finely exhibited in Obsid- 
ian Cliff m Yellowstone Park, and near Mono Lake, California. 

Stony lavas constitute the great bulk of rocks which form 
from magmas at, and very near, the earth's surface. For their 
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development, the magma must be sufficiently fluid, and time 
enough must be given during the cooling, for crystals (usually 
small ones) to form. The lava may be wholly crystalhne, or 
crystals may be distributed through a glassy groundmass. The 
mineral composition of some of the most common kinds of lavas 
— basalt, andesite, trachyte, and rhyohte — and their relations to 
other common types of igneous rocks have already been con- 
sidered (p. 50). 

If, during the cooling of a surface magma, some minerals form 
well-defined crystals scattered through the mass, and then the 
remaining material solidifies with little or no crystallization, a 
so-called porphynhc lava (Fig. 29) results, that is, one with rela- 
tive ly large mineral 
grains embedded in a 
much finer grained, or 
glassy, groundmass. 

We have already 
stated that large quan- 
tities of gases and steam 
often escape from lavas 
for a considerable time 
after they are poured out 
of a vent or a fissure in 
the earth. Such escape 
of gases and steam 
through the upper portion of a lava-flow, where the pressure is 
slight, may fill it with bubbles so that on cooling it becomes 
cellular lava (Fig, 264). If the bubbles are large, giving the rock 
a spongy appearance, it is called scona. If the bubbles are small, 
very numerous, and exceedingly thinwaUed so that the rock is 
exceptionally light, sufficiently so at times to float on water, the 
lava becomes 'pumice which is really igneous-rock froth. 

Two Hawaiian terms are commonly used to designate the 
general character of the surfaces of lava flows. One of these is 
pahoehoe which is applied to generally smooth, though often curved 
and billowy, surfaces of lava (Fig. 261). The other is aa which 
refers to rough, jagged, badly broken up surfaces, caused either by 
more or less violent escape of gases or steam, or by the break- 
ing up of a hardened crust by movements of viscous lava under- 
neath it. 



Structure section showing how a lava-flow in 
a canyon has been trenched by a river. 
Near Optimo, New Mexico (After U S 
Geological Survey ) 
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Fragmental Products. — These are the materials (usually 
heated) which are thrown into the air by the explosive action of a 
volcano, and fall to the 
ground as sohd frag- 
ments. They vary in 
size from the tiniest 
dust particles to masses 
of tons weight. The 
chief sources of such 
materials are the walls 
of the throat (or con- 
duit) of the volcano; 
hardened lava which 
more or less fills the 
conduit as a left-over 
from the preceding 
eruption; and the upper 
part of the column of 
magma which may fill 
the conduit. Some fragmental products may also be formed by 
minor explosive action in a stream of molten lava. 

Volcanic bombs are 
pieces of rock, from 
about an inch to sev- 
eral feet in diameter, 
which are hurled out of 
volcanoes. They may 
be more or less angular 
blocks torn loose in 
solid condition, or they 
may result from vio- 
lent disruption of mol- 
ten material whereby 
masses of the magma, 
in whirling through the 
air, take on somewhat 
rounded forms, and 
solidify as such. Bombs 
of the latter sort are often cellular (Fig. 265), or even pumi- 
ceous, due to escape of gases. 



Fig 262 

Part of a field of rough lava. Lassen Volcanic 
Park, California. (Photo by J. S. Diiler, U. S. 
Geological Survey.) 
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Volcanic cinders are fragmental materials ranging in size from 
about an inch down to dust particles. Larger cinders are called 
lapilli, and smaller ones are called volcanic ashes. Both types may 
tor may not be porous. The terms cinders ” and ashes ” are 
good only in the sense that they suggest a resemblance to famihar 
products of burning, but they are not results of combustion. 
More or less well-defined beds or layers of the larger fragmental 

materials (bombs and la- 
piUi), caused by successive 
eruptions, form volcanic 
breccia which may become 
consolidated. 

Volcanic dust is the most 
finely divided material 
ejected from volcanoes. It 
may be so finely pulverized 
as to be an impalpable 
powder which may be sent 
miles into the air to remain 
suspended for weeks, or 
months, and be carried by 
atmospheric currents for 
hundreds, or even thou- 
sands, of miles. The erup- 
tion of dust is an important 
part of the geological 
work of volcanoes. Close 
around the vents of .explo- 
sive volcanoes, dust not 
uncommonly accumulates 
to depths of many feet, and 
50 to 100 miles away to 
Successive eruptions often 



Fig 263 

A so-called “lava-tree ” Island of Hawaii 
(Photo by the author.) 


depths of several inches (Fig. 266). 
cause volcanic dust and ashes to accumulate in more or less weU- 
defined layers or beds which become compacted into so-called 
tuff. 


Chaeactee op Eruptions 

Effusive Type. — Volcanoes characterized by effusive erup- 
tions are relatively quiet in action, and comparatively free from 
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severe explosions. Streams of lava either well up in their craters 
and overflow their rims, or break out of the flanks of the moun- 
tains and flow down their sides. The lavas of such eruptions are 
usually in a highly fluid condition, and flow for miles. Gases and 
steam of course escape from them in large quantities, but rarely, 
if ever, with great violence. The two great active volcanoes of 
Hawaii — Mauna Loa and Kilauea — are excellent examples of 
the effusive type. They 
are briefly described be- 
yond in this chapter. 

Volcanic cones built 
up wholly, or largely, by 
many effusive eruptions 
are generally character- 
ized by having large 
craters (or calderas), 
low angles of slope (usu- 
ally less than 10°), and 
great basal diameters. 

The two last named feat- 
ures are due to the fact 
that the lava streams 
tend to flow far out from 
the vents. 

Explosive Type. — 

Volcanoes characterized 
by explosive eruptions 
are violent in action. In 
extreme cases the top of 
a cone, or even almost 
the entire cone, may be blown to pieces and widely scattered. 
An example of extreme violence was that of Krakatoa in 1883, 
described beyond. Typical explosive volcanoes seldom yield lava 
streams, but they commonly send great clouds of volcanic dust 
and ashes, mingled with steam, high into the air. Large blocks 
of rock are also often hurled out. 

Volcanic cones built up largely by explosive eruptions generally 
have weU-defined craters; their sides are steep (up to 30 or 40 
degrees); and the diameters of their bases are relatively small. 
The two features last mentioned are due to the fact that most of 
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the materials, in sohd form, particularly the coarser fragments, 
accumulate relatively close around the vents, and produce slopes 
much steeper than lava-flows. C%nder coneSj built up by explosive 
eruptions of volcanic cinders, belong in this category (Fig. 268). 

Intermediate Type. — Most of the volcanoes of the world, 
especially the larger ones, are neither typically effusive nor 

explosive in action, but 
rather intermediate between 
the two. They are charac- 
terized by more or less alter- 
nation of eruptions of lava 
streams and fragmental 
materials. Mt. Shasta, Cali- 
fornia, and Mt. Rainier, 
Washington, are the two 
greatest volcanic cones of the 
intermediate type in the 
United States. The active 
Mt. Vesuvius is another good 
example. Such cones are 
usually rather steep -sided, 
that is their slopes are often 
20° to 30°. 

Fissure Eruptions. — It 
has already been suggested 
that not all volcanic mate- 
rials are erupted from cones. 
Eruptions may take place 
through fissures, both small 
and great, in no way con- 
nected with volcanoes in the 
ordinary sense of that term. The materials thus erupted are 
always molten rather than fragmental. Some of the best exhibi- 
tions of fissure eruptions during the last century and a half have 
been those of Iceland. Thus in 1783 molten lava poured forth 
from many places out of a fissure 20 miles long. One of the 
streams of lava was nearly 50 miles long, and another nearly 30 
miles long. Each was several miles wide. As late as 1913, 
molten lava welled out of a number of very small craters 
arranged along a fissure, and spread out over the plains. 



Fig 265 

A volcanic bomb fiom southern Idaho 
(Photo by the author ) 
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Fissure eruptions have, in past ages, produced vast fields 
of lava of great depths. Thus the great lava plateau, covering 
over 200,000 square 
miles in Washington, 

Oregon, Idaho, and 
northeastern Califor- 
nia, has been built up 
of successive flows, 
mainly from fissures, to 
a depth of from hun- 
dreds, to several thou- 
sand, feet. VaUeys were 
fiUed, hiUs were buried, 
and some mountains 
were surrounded by the 
molten floods. These 
eruptions began in the 
earlier part of the pres- 
ent (Cenozoic) era, and 
continued with dimin- 
ishing force almost to 
the present time. The 
great Deccan lava-pla- 
teau of western India is 
even a grander result 
of fissure eruptions of the present geologic era. Several hundred 
thousand square miles of lava sheets have there piled up to a 
maximum depth of over 6000 feet. 

Age and Destruction of Volcanoes 

New Volcanoes. — A considerable number of relatively smaU 
volcanic cones are known to have been built up during the Chris- 
tian era. Some of these have developed on land, and some in the 
sea, forming islands. A few examples wiU be given. 

Monte Nuova, a cone 440 feet high near Pozzuoli, Italy, was 
built up in 1538. A vent was formed by bending up and breaking 
the ground. Glowing lava was visible, and eruptions of fragmental 
materials continued for about a week, building up the cone. There 
have been no eruptions since. The cone stands among others 
which are not much older. 



Fig 266 

Map showing the distribution (depth in inches) 
of dust from the explosion of Katmai Vol- 
cano, Alaska, in 1912 (Drawn by the 
author, data from National Geographic 
Society ) 
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A remarkable case is that of JoruUo, Mexico, where a volcano 
burst forth in cultivated fields one day in 1759. Eruptions con- 
tinued for several years. Large quantities of both molten and 
fragmental materials were ejected, building up a cone to a height 
of several thousand feet. A httle later (in 1770), activity started 
at Izalco in San Salvador. Eruptions, often violent, have been 
almost continuous since that time, and a cone over a mile high 
has been formed. 



Pig. 267 

The grand eruption of Lassen Peak, California, May 22, 1915. The volcanic 
cloud IS fully 8 miles high Photo taken at Anderson, 50 miles away. (Photo 
by courtesy of Myers and Loomis ) 

Cinder Cone (640 feet high), and its associated lava field of 
several square miles, came into existence in northeastern Cah- 
fornia as a result of eruptions which began not longer ago than 
the early part of the 18th century. The second and last lava-flow, 
which poured out during the first half of the 19th century, is 
probably the youngest lava in the United States. 

In 1831 vigorous volcanic activity on the floor of the Mediter- 
ranean Sea caused an island of fragmental material 200 feet high 
to be formed. In a relatively short time it was cut away by wave 
erosion. 
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In the Santorin Islands of the Greek Archipelago, several small 
islands have been formed by volcanic activity during the last 
2000 years. 

A number of spectacular eruptions in the Aleutian Islands 
of Alaska, particularly in 1796, 1883, and 1906, have resulted in 
the formation of islands in the sea. 

Various cinder cones in Arizona (Fig. 268) and eastern California 
are so fresh and unaffected by erosion that they certainly cannot 
be more than a few hundred, or at most a few thousand, years old. 



Fig. 268 

Group of recent cinder cones San Francisco Plateau, Arizona. (Photo by 
Gilbert, U S. Geological Survey) 


Duration of Volcanic Activity. — Volcanoes have sometimes 
been classified as active, extinct, and dormant. Such a classifica- 
tion is, however, not very satisfactory because, as has so often 
happened, a volcano which has been inactive for many years may 
again break forth. Mt. Vesuvius in Italy, and Lassen Peak in 
California, are among many examples. 

The length of time during which individual volcanoes remain 
more or less active is exceedingly variable, ranging from a few 
days (or less) to hundreds of thousands, or even millions, of years. 
Most of the great volcanoes of the present time began their 
activity in the early part of the present (Cenozoic) era. They 
are, therefore, several million years old. Some of them, like 
Kilauea, are now constantly active; some, like Mauna Loa and 
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Mt. Etna, are very active at intervals of a few years; others, like 
Mt. Shasta and Mt. Rainier, are either dormant or practically 
extinct; while still others, hke Mt. Crandall in Yellowstone Park, 
ceased action so many hundreds of thousands of years ago that 
the great cones, many miles in diameter, have been very largely 
removed by erosion. We may gam some conception of the age of 
big individual volcanoes when we realize that a cone hke Mt. Etna 
has, in spite of many great eruptions, remamed practically un- 
changed in its general out- 
line for more than 2000 
years. 

The evidence is plain, 
from the study of histor- 
ical geology, that volcanic 
activity took place dur- 
ing the earliest known 
(Archeozoic) era of earth 
history, and that such 
activity has occurred on 
small and grand scales in 
many parts of the world, 
and dtfring various 
periods since the earliest 
known time. 

Destruction of Volca- 
noes. — In some cases vol- 
canic cones are partly, or 
almost wholly, destroyed 
through their own explosive activity. Thus an explosion of ter- 
rific violence in Katmai Volcano, Alaska, in 1912 blew away 
several cubic miles of the top of the mountain (Fig. 275), and 
the explosion of Krakatoa in the East Indies in 1883 almost 
completely obliterated what was a fair-sized cone. A cone may 
be partially destroyed by engulfment or subsidence of its upper 
portion due to weakening of the support underneath. The great 
crater (or caldera) of Mt. Mazama, containing Crater ^Lake, in 
southern Oregon was thus formed (Fig. 322). 

The destructive work of weathering and erosion is, however, 
the greatest cause of obliteration of volcanic cones. Every vol- 
canic cone, even when in course of construction, is subjected to 



Fig 269 

A considerably eroded, extinct volcano 
Diamond Head, near Honolulu, Hawaii 
(Photo by the author ) ^ 
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Fig. 270 

A considerably eroded, recently extinct volcano. Mt Shasta, California. 
(Photo by courtesy of the Southern Pacific Lines ) 



Fig 271 

A volcanic neck. Mt. Taylor region, New Mexico. (After Dutton, U S. 
Geological Survey.) 
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the attacks of weathering and erosion. The upper part of the cone 
of Mt. Vesuvius was, for example, distinctly trenched by erosion 
soon after the great eruption of fragmental materials over its 
sides in 1906. When, barring very violent eruptions, the amount 
of material ejected by a volcano is greater than can be removed 
by erosion, the cone continues to build up. The activity dimin- 
ishes and finally ceases, after which the cone becomes more and 



Fig 272 

Map showing the distribution of active and recently extinct volcanoes. 
(From Tarr's New Physical Geography, by permission of the MacmiUaD 
Company.) 

more deeply dissected (Figs. 269 and 270), its crater becomes 
obscured, and its height gradually becomes lower. During a late 
stage of its erosion, nothing but the core or plug of the voTcaho 
may rise above the general level of the country (Fig. 271), and 
finally it may completely vanish as a topographic feature. If^ 
however, the more or less dissected cone should become buried ip 
the earth under accumulations of sedimentary rocks, it might, at 
a much later time, again become exposed at the surface.^ An 
interesting case in point is a very ancient volcanic landscape which 
is now again coming to hght as erosion proceeds in a part of 
Great Britain. 
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Rebuilt Volcanic Cones. — When a cone is subjected to a 
great catastrophe such as a violent explosion, or a profound sub- 
sidence of its upper part, a crater pit (or caldera) of large size 
usually results. In the case of Katmai Volcano, already men- 
tioned, the explosions of 
1912 left a hole several miles 
in diameter, and several 
thousand feet deep. The 
cone has not even been par- 
tially rebuilt since the catas- 
trophe, though it may be in 
the course of time. 

The vast caldera, over 
five miles wide and several 
thousand feet deep, which 
resulted from the subsidence 
of the upper part of the cone 
of Mt. Mazama in Oregon 
some thousands of years ago, 
has been only very sKghtly 
rebuilt by volcanic activity. 

Wizard Island (Fig. 322) is 

a product of such subse- ^ small vent on the floor of Kilauea, 
quent activity. Hawaii, Molten lava issued from this 

A large portion of Mt vent for several weeks in 1921 Red 
Vesuvius was blown away when the picture was taken 

during the great eruption of 

79 A.D. Eruptions since then have built the present cone upon 
the stump of the old mountain. 

Submarine Volcanoes 

It has already been suggested that volcanic activity may take 
place on the floor of the sea. A remarkable example is Mauna 
Loa, Hawaii, which began action at the bottom of the mid- 
Pacific Ocean where the water was fully three miles deep. It has 
been built up into a gigantic, gently sloping cone nearly 14,000 
feet above sea level. All of the eight Hawaiian Islands mark the 
highest portions of a great submarine volcanic ridge or range 
several hundred miles long. 
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A remarkable case of a great mountain range being built up 
out of the sea is the chain of Aleutian Islands, Alaska, more than 
a thousand miles long. It contains various active volcanoes — 
three new ones (the Bogoslov volcanoes) having been built up as 
islands in the years 1796, 1883, and 1906 

The eastern portion of the West Indies is of very recent sub- 
marine volcanic origin, with certain volcanoes, like Mont PeI6e 

and La Soufrifere, still 
active. The East Indies 
are also to a consider- 
able extent of volcanic 
origin, with numerous 
active cones. 

Among many other 
examples of volcanoes 
of submarine origin, 
mention may be made 
of the Azores, Cape 
Verde Islands, Canary 
Islands, and various 
islands of the south 
Pacific Ocean. Mention 
has already been made of the cone (Graham^s Island) which was 
bmlt up by eruptions in the midst of the Mediterranean Sea m 
1831. 

Distribution of Active and Recently Active Volcanoes 

Hundreds of volcanoes are definitely known to be active, and 
several thousand others are either dormant, or have become 
extinct in very recent geologic time, that is during the latter 
portion of the present era. Most of these volcanoes show a strong 
tendency toward arrangement into two grand zones or belts 
(Fig. 272). One of these belts nearly encircles the Pacific Ocean, 
extending through western South America, Central America, 
western North America, the Aleutian Islands, Kamchatka, Japan, 
the Philippine Islands, the East Indies, the New Hebrides, and 
New Zealand. There are of course various local portions of this 
belt without volcanoes. The other great belt is less well-defined 
and more interrupted. Beginning, let us say, in Central America, 
it extends through the eastern part of the West Indies, the Azores, 



Fig 274 

ICatmai Volcano, Alaska, as it appeared after 
the great eruption of 1912 (Photo by Griggs 
for the National Geographic Society ) 
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the Canary Islands, the Mediterranean region, Asia Minor, 
southern Arabia and eastern Africa, eastern India, the East Indies, 
and the Hawaiian Islands. A considerable number of volcanoes 
lie outside of the two grand belts. 

Various ideas have been expressed in the attempt to explain 
the distribution of most of the active and recently active volcanoes 
in the two great belts. Without entering into this discussion, 
suffice it to say that these volcanoes occur in zones where earth- 
crust disturbances have been recently, and are now, unusually 
pronounced. They are, in other words, in zones of exceptionally 
active mount ain-bmldmg movements. These zones are, in a 
general way, also the belts of greatest earthquake activity, and, 



Fig. 275 

Diagrammatic section showing the condition of Katmai 
Volcano, Alaska, before and after the great eruption of 
1912. (Drawn by the author, data from National Geo- 
graphic Society ) 

as already stated, both earthquakes and volcanoes are but surface 
and near-surface, manifestations of deeper-seated and more pro- 
found earth-crust activity. 


Some Geeat Volcanic Eeuptions 

A few examples of great volcanic eruptions will now be described briefly 
in order to give the reader a still more definite conception of the degrees of 
violence of eruptions, from relatively quiet to highly explosive; of the types 
of eruptions; the kinds and quantities of materials erupted; the tremendous 
power involved; and the manner in which volcanic cones may be altered by 
eruptions. 

Matma Loa and Blilauea. — Two of the most interesting, readily acces- 
sible, great volcanoes are Mauna Loa and Kilauea on the island of Hawaii 
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in the midst of the northern Pacific Ocean They are fine illustrations of the 
effusive, or relatively quiet, type of volcano Mauna Loa is an exceedingly 
large volcamc pile with very gently sloping sides rising to nearly 14,000 feet 
above the sea, and Kilauea hes on its flank at an altitude of about 4000 feet. 
Each has a vast, oval-shaped crater nearly three miles long bounded by nearly 
vertical walls of lava many hundreds of feet high. Each crater pit has a 

nearly level floor consisting 
of hard, fresh, black lava 
which IS really only a crust 
covermg a mighty column 
of molten lava, several 
miles in diameter, extending 
far down into the moun- 
tain Prior to an eruption, 
the lava column in Mauna 
Loa rises hundreds of feet 
m the crater, but, during 
the last century at least, it 
has not overflowed the nm 
Instead, at mtervals of 
about 5 to 12 years, the 
lava breaks out of the 
mountainside in the form 
of a molten stream, some- 
where within a few thou- 
sand feet of the summit of 
the cone The resulting 
rehef of pressure causes the 
column of lava in the cra- 
ter pit to subside slowly 
Many such streams of 
molten lava, from one- 
Fig 276 fourth of a mile to a mile 

The great spine at the summit of Mt Pel4e wide, have flowed dowm 

in the West Indies in 1902 The steaming sides of the mountain 
hot spine was about 1000 feet high (Photo miles, sometimes 

by E 0. Hovey, courtesy of the American ©ven into the sea. The 

Museum of Natural History ) great lava stream of 1919 

entered the sea, and poured 
into it for weeks, after flowing about 15 miles from the source on the flank 
of the mountam Between eruptions, Mauna Loa shows no signs of real 
activity. 

Kilauea acts m general much like Mauna Loa. Lava streams have 
poured out of its flanks also at vanous tunes, in each case preceded by a rise 
of the lava column in the vast crater pit. Within the mighty crater bowl of 
Kilauea there is, however, an inner pit or crater, about one-third of a mile 
in diameter, marking a place where the crust of the great column of molten 
lava in the throat of Kilauea is always broken through, revealmg the magma 
(Fig 253). Withjn this nearly circiar inner pit, with its vertical walls, the 
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molten lava rises and sinks hundreds of feet within periods of a few years 
Sometimes the magma overflows the pit and streams out upon the wide floor 
or Kilauea (Fig, 255). It is, indeed, an awe-inspiring sight to look into the 
inner pit of Kilauea, especially at mght The boihng lava is apparently 
white-hot at a depth of but a few inches below the surface, and, in the over- 
turnmgs of the mass, these hotter portions are brought to the surface and 
appear as white streaks marking the redder surface portions. From time to 
time the surface freezes over, and the cracks open and erupt at favored points 
along the fissures, sending up jets and 
fountains of lava, the material of which 
falls in pasty fragments ” (W H. Hobbs) 

Krakatoa. — Three examples — 

Krakatoa, Katmai, and Pel6e — will 
be descnbed to illustrate highly explo- 
sive volcamc activity Among these, 

Krakatoa, a volcamc island between 
Sumatra and Java, had been dormant for 
over 200 years Then, in August, 1883, 
a senes of terrific explosions lasting two 
days caused more than a cubic mile of 
rock material to be thrown mto the air 
in the form of volcamc pumice,^ ashes, 
and dust The site of the island was 
mainly covered with water 600 to 900 
feet deep immediately after the catas- 
trophe. Some of the most violent ex- 
plosions were heard hundreds of miles 
away. The atmosphere of the whole 
world was disturbed, as recorded by rise 
and fall of barometers Part of the 
vast cloud of dust rose fully 'seventeen 
miles into the air. Dust feU m percepti- 
ble amounts over an area of several 
hundred thousand square nodes. Small 
quantities of the finest matenal filled the 
whole earth’s atmosphere, remaining sus- 
pended for months and causing the 
famous red sunsets of the fall and winter of 1883-1884 Sea waves 75 to 100 
feet high, caused by the disturbance, rushed upon the neighboring coasts of 
Java and Sumatra and killed 40,000 people 

Katmai Volcano. — Withm two days in June, 1912, Katmai Volcano in 
southern Alaska was subjected to several terrific explosions which were 
probably of even greater violence than those of Krakatoa The cone, which 
rose over a mile above the surrounding country, had its whole upper portion, 
involving about 5 cubic miles of rock, blown away, leaving a vast crater (or 
caldera) two and one-half miles in diameter and several thousand feet deep 
(Fig 275) . This crater is now one of the world’s largest. The first and greatest 
of the three explosions was heard m Juneau, Alaska, 750 miles away. The pro- 
duct of the explosions was mainly dust which feU to a depth of one foot in a 



Fig 277 

A great volcanic cloud which has 
been called “Vulcan Face ” 
Lassen Peak, Cahfomia. (Photo 
by B F. Loomis.) 
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village 100 miles away (Fig 266), and in perceptible amounts 900 miles away 
in southeastern Alaska Dust and larger fragments fell to depths of from 2 to 
10 feet on the flanks of the beheaded mountain. Glaciers on the mountain 
were truncated, leaving walls of ice over two miles long capping part of the 
crater rim Severe earthquakes accompamed the explosions 

Mont Pelee. — Mont PeMe, situated on the island of Martinique in the 
eastern part of the West Indies, was violently active in May, 1902 The last 
eruption prior to that was m 1851. For a few weeks before May 8, 1902, 
there was considerable activity accompamed by earthquakes, but on that date 
a great explosion caused a tremendous cloud of hot gases filled with incandes- 
cent particles of dust to rise out of the crater. Because of its weight, this 
vast cloud rushed with hurricane velocity down the side of the mountain. 
The city of St Pierre lay in the path of the descending, fiery cloud, and its 
whole population of nearly 30,000 people (excepting one or two persons) was 

almost instantly anmhi- 
lated. Fire finished the 
work of destruction. A 
number of violent eruptions 
took place within the next 
few months. In October, a 
remarkable feature began 
to develop in the crater at 
the summit of the moun- 
tain This was a great col- 
umn of steaming-hot, more 
or less pasty lava which 
slowly rose and solidified, 
reaclung a height of about 
1000 feet in seven months 
(Fig 276) It gradually 
crumbled to pieces 

Mt. Vesuvius. — Ex- 
cellent examples of volca- 
noes of the intermediate 
type are Vesuvius and Etna For centuries prior to the Christian era, Mt 
Vesuvius seems to have been inactive. From 63 to 79 a n , numerous earth- 
quakes shook the mountain and vicimty Then, in the year 79, there occurred 
the most violent eruption of the mountain m histone times No molten lava 
appeared, but the explosion blew away much of the upper part of the cone, 
greatly altermg its outhne, and leaving a conspicuous crescent-shaped ndge 
around part of the stump of the mountain. Ashes fell upon the surrounding 
country, a huge column of steam and ash darkened the sky, and great torrents 
of water feU upon the flanks of the mountain Pompeii was buried beneath a 
cover of ash and dust which penetrated every crevice, and so sealed the 
objects in a compact cover In the excavations which have been made dunng 
the last century, objects of even a perishable nature have been recovered. . . . 
It is a wonderful experience to walk through the deserted streets of this 
ancient city of 20,000 inhabitants, to reahze under what terrible conditions 
the people were driven out or overwhelmed in their efforts to escape (Tarr 



Fig 278 

A midsummer view of Lassen Peak, Califorma, 
from the east, before the eruptions began in 
1914 (Photo by B F. Loomis ) 
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and Martin) The city of Herculaneum was, at the same time, overwhelmed 
by a great flow of hot mud, formed by clouds of condensmg steam mixed with 
ashes Between 79 a d and 1139, a number of eruptions occurred Then for 
nearly 500 years there was scarcely any activity. One of the greatest erup- 
tions of Vesuvius occurred in 1631 when large quantities of ashes and dust 
were ejected, and several streams of molten lava poured out of the crater and 
down the sides of the mountam, overwhelming some villages. Since that time 
activity varymg from mild to vigorous has been almost continuous, and the 
present cone (altitude nearly 4000 feet) has been built upon the stump of the 
mountain left by the explosion of the year 79 A grand eruption, took place m 
1872 when vast clouds of ashes and dust were thrown high into the air, and 
streams of lava flowed out of fissures m the sides of the cone. The latest 
eruption, nearly as great as 
that of 1872, took place in 
1906 when ashes and dust 
were thrown miles into the 
air, and several streams of 
lava flowed out of breaches 
in the mountainside. 

Mt. Etna. — The cone 
of Mt Etna in Sicily rises 
to a height of nearly 11,000 
feet Its base is over 
twenty-five miles in diam- 
eter. Many vigorous erup- 
tions have taken place smce 
the first known one m 476 
B c. Durmg the last 100 
years, eruptions have oc- 
curred at average intervals 
of about 5 years. Destruc- 
tive earthquakes usually 
precede and accompany the 
violent eruptions Atypi- 
cal eruption is characterized 
by a series of explosions which send vast clouds of ashes and steam into the 
air from the great summit crater, while, from several (or many) openings on 
the flanks of the mountam, there issue, streams of molten lava, some of which 
flow down to the base of the great cone, and even into the sea. The openings 
from which the lava streams emerge are secondary craters, often in small 
cones, hundreds of which occur on the sides of Etna. Grand eruptions took 
place m 1910-1911 when many vents on the sides of the mountam poured 
forth lava, and the summit crater ejected dust and ashes. The latest great 
eruption took place m 1923. 

Lassen Peak, California. — Tn conclusion, brief mention may be made of 
Lassen Peak in northern Cahforma which is of special mterest not because of 
the magmtude of eruptions, but because it is the only active volcano m the 
United States proper. The steep-sided cone of Lassen rises about a mile above 
the surroundi]^ country (Eig. 278), Prior to May 30, 1914, the mountain 



Pig. 279 

Lassen Peak as it appeared from the east 
after the devastatmg eruption of 1915. 
Compare with Fig 278 (Photo by A. L. Day, 
Carnegie Institution of Washin^on ) 
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had been inactive for hundreds, or even thousands of years, as judged by the 
state of weathering of its crater. On the date mentioned, the old volcano 
suddenly burst into explosive activity, and hundreds of eruptions occurred 
within the next few years Little or no lava appeared, but great clouds of 
steam and dust were shot into the air, often to heights of several miles (Figs 
267 and 277), and scattered ten to thirty miles around the mountain. During 
a grand eruption of 1915, a tremendous volume of condensing steam mingled 
with volcamc dust started down the eastern face of the cone, causmg the snow 
to melt The resulting flood of hot mud and loose rock fragments, together 
with the very hot volcamc cloud, rushed with terrific speed to the base of the 
cone, and into a beautiful mountain valley, leaving an appalhng scene of 
desolation for ten miles. Forests were swept away for nules, and fires were 
set (Fig. 279) Eruptions have been rare during the last few years, one 
having been reported m October, 1920, and another m December 1923. 


Cause of Volcanic Activity ^ 

The problem of the cause (or causes) of volcamc activity is one of the most 
uncertain m geological science. Our present purposes are to call attention 
very briefly to some of the more important facts mvolved, and to offer a few 
explanatory suggestions. 

A long-held idea that a relatively thm crust covers a molten earth- 
intenor, and that downward pressure of this crust, due to earth contraction, 
causes molten rocks to be forced out, has been too thoroughly disproved to be 
now seriously entertained The fact that near by volcanoes, hke Mauna Loa 
and Kilauea, commonly erupt entirely independently, shows that there can 
be no umversal liquid beneath a relatively thm crust Other arguments 
against hquidity of the earth’s mtenor are that the earth acts like a body 
nearly as rigid as steel against the powerful tide-producing forces, and that 
earthquake waves, which pass through the earth to a depth of at least 2000 
miles, are of the land which require a sohd medium for transmission. 

We may, then, consider more plausible views m regard to the cause of 
vulcamsm First of all, we may be sure that the earth is highly heated inside 
Measurements made in deep bormgs show that the temperature increases down- 
ward at the rate of about 1® F for each fifty to seventy-five feet to depths at 
least somewhat greater than a mile The temperature must, therefore, be 
several thousand degrees at depths of twenty-five to forty miles. This is 
sufficiently high to cause aU ordinary rocks to melt at the earth’s surface. At 
great depths, however, the downward pressure on the rocks is so tremendous 
that their melting points are notably raised, so that there is every reason i^to 
beheve that the rocks twenty-five to forty miles down are m general not 
molten. 

If we adhere to the older (nebular) hypothesis of earth ongm, the interior 
heat of our planet is left over from its once molten condition On the basis of 
another (planetesimal) hypothesis, the earth’s heat is maintained by the 

1 This statement of the cause of volcanic activity is taken essentially 
from the author’s volume 3 of Popular Science Library published by P. P. 
Collier and Son Company. 
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steady, powerful action of gravity, which causes the earth to contract. The 
earth is, in any case, hot inside as proved by deep-well records and by igneous 
phenomena in general, and it is a shrinking body as proved by the many large- 
scale zones of wrinkling and folding of the rocks If, then, highly heated, 
Bohd rocks at reasonable distances down in any part of the earth are subjected 
to rehef of pressure by an earth movement, such as upward crumphng or 
bending of the crust, or by readjustment of large fault blocks, such heated, 
sohd rocks would become locally molten. The same crustal disturbance 
which brings about such rehef of pressure and meltmg may very reasonably be 
regarded as the power which forces some of the newly formed molten material 
higher up into the crust, and even out upon its surface This view harmo- 
nizes With the well-known fact, already mentioned, that the main belts of 
active volcanoes are also the main belts of active earth movements, such as 
earthquakes. 

Another source of power behind volcanic action is steam and gas pres- 
sure. We have already referred to the fact that tremendous amounts of 
water, in the form of steam, escape from volcanoes, and even from streams of 
molten lava The violent volcamc explosions are all, or nearly all, direct 
results of giving way of volcamc cones to steam (and gas) pressure which 
increases during greater or less periods of time, and with httle or no possibil- 
ity of escape without rupturing the mountain Steam alone, or combined 
with some other gases, may also aid m forcmg out the molten rock. 

What IS the source of the steam and other gases or vapors^ According to 
one view, they were originally within the earth According to another view, 
the water, at least, has been absorbed by the molten rocks from surface waters 
which have worked their way downward into the earth’s crust. At least three 
arguments are opposed to the second hypothesis first, that a considerable 
number of volcanoes are many miles from the sea or other large bodies of 
water; second, that downward percolation of rain water would fall far short 
of supplying the tremendous quantities of water ejected by volcanoes; and 
third, that any water taken up by molten rock must be absorbed within a very 
few miles of the surface because farther down (m the zone of flow) there are 
no opemngs large enough to permit any very notable downward passage of 
water As a matter of fact, the uppermost portion of the earth’s crust is just 
where magmas give up their water, often with great violence. 
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SUBSTTRPACE WATER 

Sources, Amount, and Disposal of Subsurface Water 

All water which occurs below the surface of the earth may be 
called subsurface water, or underground water, or simply ground 
water. There is good reason to believe that water (or at least its 
component parts) occurs intimately associated with the rocks 
deep down within the earth, that is well below the zone of fracture 
This is strongly suggested by the large quantities of steam given 
off through volcanoes and from magmas which are poured out 
on the earth’s surface. Our present concern is not with any such 
very deep-seated water, but rather with ground water which occurs 
in the zone of fracture, that is within the outer, crustal portion of 
the earth. 

The source of all but a very small quantity (probably not over 
one per cent) of subsurface water m the zone of fracture is atmos- 
pheric precipitation, that is rainfall and snowfall. It has been 
estimated that about 1500 cubic miles of water (including its 
frozen state — snow) falls upon the surface of the Umted States 
yearly. One-half, or somewhat more, of this evaporates; about 
one-fourth of it flows off in surface streams; and the remaining 
one-fourth, or somewhat less, works its way into the crust of the 
earth either by soaking into the loose materials, or by entering 
cracks, fissures, and other openings in the bed rock. Some of the 
factors which Wor descent of water into the earth’s crust are 
humid climate; dense vegetation which interferes with run-off 
(surface flow); gentle slopes which retard run-off; and a rela- 
tively high degree of porosity and Assuring of the rock materials. 

Some conception of the quantity of ground water may be 
gained from the statement, based upon a careful estimate, that all 
of the water in the soils and rocks of the first 100 feet below the 
surface of the United States would be sufficient to form a surface 
layer 17 feet thick. In the sections of the country with humid 
climate, the amount of water in the first 100 feet would of course 
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be greater than the average. It should not be assumed, however, 
that anyiihing like such a proportionate amount of water in rocks 
continues to depths of miles, or even of thousands of feet. The 
absolute limit of depth beyond which any very appreciable amount 
of ground water, m the ordinary sense of that term, can exist is only 
about 8 to 12 miles, depending upon the hardness of the rocks. 
This is because the tremendous pressure of the overlying rocks 
makes it impossible for very appreciable openings to exist beyond 
such depths. Very httle surface water ever reaches such extreme 
depths. Most of the underground water by far occurs within a 
few thousand feet of the surface. This conclusion is borne out by 
the fact that, in deep mines in various parts of the world, httle 
or no water is usually encountered lower down than a few thousand 
feet. Large fissures containing water are, however, sometimes 
found in deep mines. Some moisture no doubt is held in the pores 
of the rocks beyond depths of a mile or more. 

What becomes of the water which descends into the earth's 
crust? A large amoimt returns to the surface through springs 
and seepages, a large amount moves to the surface by capillarity 
in loose rock materials, and then evaporates; plants absorb 
much water which is drawn up into the leaves to be evaporated; 
a considerable amount is removed through wells; some travels 
underground to emerge as springs in the sea relatively near shore, 
as is known to be the case in the Gulf of Mexico, and in the 
Mediterranean Sea, some enters into chemical combination with 
various minerals and rocks to be held there, often for ages of 
geologic time; and some makes its way so far down in crevices and 
pores of the rocks that it remains for a very long time. 

Modes of Occureence of Subsurface Water 

Water in Loose Rocks and Soils near the Surface. — There 
are three general modes of occurrence of subsurface water: (1) In 
loose materials relatively near the surface; (2) in porous con- 
solidated rock layers or formations, usually well below the sur- 
face; and (3) in cracks, fissures, and other openings m hard 
rocks. Ijoose rock formations and soils are, in most humid regions, 
saturated with water at greater or less depths (usually less than 
75 feet) below the surface. This statement is borne out by the 
fact that water may be obtained almost universally from weUs in 
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such regions within 25 to 75 feet of the surface. More or less 
moisture of course occurs in the materials above the zone of 
saturation. In arid and semi-arid regions there is often no zone 
of saturation in the loose, incoherent materials just below the 
surface, or in case it is present, it is usually farther down than in 
humid regions. 

The porosity of many loose soils and rocks is surprisingly 
high. Thus 25 to 40 per cent of the volume of common sand is 
pore space, while in loam it is usually 40 to 50 per cent. It is 
clear, therefore, that one-fourth to one-half of the volume of 
such material, when saturated, is water. 

Water in. Porous Rock-layers. — Very considerable amoimts 
of water occur in more or less definite layers or formations which 





Fig 280 

Structure section illustrating various principles of the occurrence of subsurface 
waters. (After U. S. Geological Survey ) 


often extend at various angles for hundreds, or even some thou- 
sands, of feet into the earth. Such water-bearing layers or forma- 
tions are known as aquifers. An aquifer is usually bounded above 
and below by]material rather impervious to water. An excellent 
example of an aquifer on a large scale is the Dakota sandstone 
formation of South Dakota and Nebraska. Almost anywhere 
across Nebraska, a well drilled through a thick formation of clay, 
and into the porous Dakota sandstone, strikes water (Fig. 281). 
In such an aquifer, water travels long distances. Thus water 
obtained from a well in the Dakota sandstone formation in eastern 
Nebraska has traveled actually hundreds of miles under the state 
from the eastern front of the Rocky Mountains where surface 
water entered the upturned and exposed edge of the porous forma- 
tion. 

Travel of undergroimd water in aquifers for greater or less 
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distances is common in many parts of the world. Such water does 
not of course flow freely in distmct imderground channels, but 
rather it moves along slowly, working its way between the grains 
of the porous rock, and encountering much friction. The rate of 
motion is much slower than might be supposed. Data from various 
sources indicate that water m an aqmfer of even coarse sandstone 
travels only about one-fifth of a mile per year. In many aquifers 
the rate of flow is much less. 

Among the consolidated strata, sandstones and certain lime- 
stones are usually the most porous, their volumes of pore space 
often being 20 to 30 per cent. 

Water in Cracks and Other Openings in Hard Rocks. — The 
least amount of subsurface water occurs in the hard, bed rock 



Fig 281 

Structure section from the Rocky Mountains to Omaha, Nebraska, showing 
the position of the Dakota sandstone aquifer (After U S Geologic^ 
Survey ) 

formations. With the exception of the small quantity rather 
firmly fixed in the tiny pores of the rocks, most of such water 
occurs in joint cracks, fault fractures, or more or less well-defined 
channels. Many formations, such as granite and other types of 
crystalline rocks, are neither in definite layers, nor are they porous 
enough to permit water really to flow through their masses. 
The porosity of hard, deep-seated igneous and metamorphic 
rocks is generally less than one per cent. 

We have already learned that joint cracks are very common, 
and usually closely spaced, in aU kinds of hard rocks in the outer 
(zone of fracture) portion of the earth's crust. Such cracks are 
usually more or less irregular in both direction and spacing. 
Fault fractures, which are not go abundant, are often rather 
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regular and straight for considerable distances. As would be 
expected, the ease with which water may travel along such cracks 
and fractures varies greatly. Many times the passageways are 
sufficiently long and open to permit water to follow them readily 
for hundreds, or even thousands, of feet. In the bottoms of deep 
canyons, water may emerge from cracks in hard rocks many 
hundreds of feet below where it entered the earth. It must be 
evident, from the above statements, not only that subterranean 
water does not exist in cracks and fissures in hard rocks in great 
amount, but also that its movements are usually very irregular. 

In limestone, even where it is exceptionally dense, and to a 
less extent in other rocks, underground water often enlarges 
passageways into more or less distinct channels along which actual 
underground streams may flow. Such streams may reach the 
surface in the form of springs. Echo River, which flows through 
the bottom of Mammoth Cave, Kentucky, is a fine large-scale 
example (Fig. 295). In a great lava region, such as the island of 
Hawaii, subsurface water often flows through lava tunnels, the 
origin of which we have already explained. In view of the facts 
just stated, it may be readily understood why regions immediately 
underlain with thick formations of limestones or lava usually have 
relatively few surface streams, this being because the waters easily 
find their way into underground channels. 

The Water Table. — The surface below which the soils and 
rocks are saturated with water is called the water table. The term 
does not apply to a saturated layer or formation (aquifer) capped 
by an impervious layer or formation. The water table most 
typically lies in soil which rests upon bed rock in a humid region. 
In such a place surface water works downward, fiUing all cracks 
and crevices in the bed rock, and saturating the lower portion of 
the soil, while the upper portion of the soil is only moist. The top 
of the saturated zone is the water table. It has already been sug- 
gested that there is no universal zone of saturation, particularly 
in arid regions. 

The water table is very irregular, but it is generally farther 
under the surfaces of hills than of valleys. This is because the 
water at the higher levels tends to migrate, under the action of 
gravity, to the lower levels. After prolonged rain, the water table 
may coincide almost, or quite, with the earth^s surface over a 
considerable area, as was the case at the time of the Dayton, 
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Ohio flood of 1913 when the ground was nearly everywhere 
thoroughly soaked, causing a maximum run-off. In the soil- 
covered, humid portions of the United States, the water table 
ranges very commonly in depth from the surface to 40 or 50 feet. 
Springs, swamps, ponds, and lakes not infrequently mark places 
where the surface of the ground either mtercepts, coincides with, or 
passes below the water table (Fig. 280). The water table lowers 
steadily during long periods of dry weather, and this explains why 
so many wells, springs, and swamps, which are dependent upon 
the upper portion of the saturated zone, go dry. 


Springs 

Ordinary Springs.^ — The term spring is applied to subsurface 
water which emerges from the ground. Springs may be divided, 
according to their modes of origin, into gravity and artesian 
springs, and, according to the nature of the passages traversed by 
the water, into seepage, tubular, and fissure springs. 

A gravity spring is one whose water is not confined between 
impervious beds, but flows from loose materials or open passages 
under the action of gravity, just as a surface stream flows down 
its channel (Fig. 282). What may be called an aquifer spring 
is similar to a gravity spring, but its water follows a porous 
layer confined between impervious beds (Fig. 283). 

An artesian spring is one whose waters are confined in imper- 
vious channels, or (in porous layers) between impervious beds, 
and are under (hydrostatic) pressure because the water level at 
their source is higher than the point where they emerge (Fig. 286). 

Seepage springs are springs in which the water seeps out of 
sand or gravel. They may emerge along the top of an underlying 
impervious bed, but more commonly they occur where valleys 
are cut downward into the zone of saturation of a more or less 
uniform water-bearing deposit (Fig. 282), Seepage springs are 
commonly of the gravity type, but, where the channels or fissures 
emerge beneath beds of sand or gravel, seepages not infrequently 
result from true artesian springs. 

Tubular springs embrace a great variety of flows, including 
both those in the small more or less tubular passages in (glacial) 

^ The following statements m regard to ordinary springs are taken largely 
from U. S. Greological Survey Water-Supply Paper No. 255. 
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drift, and those occupying large (and small) solution channels or 
caverns in soluble rocks. The channels of springs in the drift are 
generally estabhshed along some more or less sandy or other 
porous layer, or perhaps along the path left by a decaying root. 
In limestones and other soluble rocks, the underground passages 



Diagrammatic section illustrating a water-table spring (After 
TJ S Geological Survey ) 

may reach many miles in length. Some of these passages are many 
feet in diameter, and are traversed by streams of considerable 
size, or even by rivers (e.g Echo River in Mammoth Cave). 
Tubular springs are most commonly of the gravity type (Fig. 285), 
but in some cases the water may be under considerable artesian 
pressure in the lower parts of its channel, or even at its outlet. 

Fissure spring is a term used rather comprehensively to 
include the springs issuing along bedding, joint, cleavage, or fault 



Pig 283 

Diagrammatic section illustratmg aquifer sprmgs (Drawn by the author.) 

surfaces (Fig. 286). The distinguishing feature is a break (or 
network of breaks) along which the waters can pass, it being 
immaterial whether any considerable open space exists. Springs 
of this class are often distributed along straight lines for consider- 
able distances, their position being determined by lines of fracture 
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which are often faults. Spring water may also emerge after follow- 
ing a very devious course along irregular joint cracks far below 
the surface. 

Hot Springs. — Hot springs may be regarded as those whose 
temperature ranges from that of the human body to the boiling 
point of water. The two most common causes of the heating of 
the waters of hot springs are the followmg. (1) The water may 
pass through masses of volcanic rocks of recent geologic age which 



Fig 284 

Springs issuing from a bed of gravel between layers of lava. Thousand 
Spnngs, Idaho (Courtesy of the U. S. Reclamation Service ) 


have not yet cooled to the normal temperature of the earth^s 
crust. Yellowstone National Park contains thousands of such 
hot springs (many of them boiling) where, during the present 
(Cenozoic) era, successive outpourings of lava covered a wide 
area many hundreds of feet deep. Fine examples also occur in 
the Lassen Peak region of northern California, and in many other 
parts of the world. (2) Water may, where the rock structure is 
favorable, pass far enough below the surface to have its tempera- 
ture notably raised by the general heat of the earth^s interior, 
and then rise to the surface under (hydrostatic) pressure. It has 
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already been stated that the temperature of the earth increases 
downward at the rate of about 1° F. in 50 to 75 feet. Water 
emerging from a depth of a few thousand feet would, therefore, 
be notably warm. Such springs are, however, usually not very 


sink Sink 



Fig. 285 

Diagrammatic section illustrating a tubular spnng (After 
U. S. Geological Survey.)s 

hot, and rarely, if ever, actually boiling. They emerge usually 
from prominent fault fractures which extend to great depths, 
generally where the rocks are also much folded. There are many 
examples in the southern half of the Appalachian Mountains, as 
at Hot Springs, Virginia. Among many other examples are Hot 
Springs, Arkansas; near Ogden, Utah; and in parts of southern 
California. 
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Fig. 286 

Diagrammatic section illustrating a fissure (or artesian) spring. (After U S 
Geological Survey ) 


Other sources of heat of underground water may be chemical 
action; friction due to rubbing of rock masses against each other, 
as during faulting; and possibly radio-activity, but these are 
probably much less important than the two sources above ex- 
plained. 
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Geysers are periodically eruptive hot springs found only in 
a few of the recent volcanic regions of the world, such as Yellow- 
stone Park, Iceland, and New Zealand. They are exhibited most 
wonderfully in Yellowstone Park where many of them erupt 
columns of hot water to heights of 25 to 250 feet at intervals 
varying from an hour or less to many days (Fig. 287). Old Faith- 
ful Geyser erupts once about every 70 minutes, each time sending 
over a million gallons of hot water, in the form of a column several 
feet in diameter, to a maximum height of about 150 feet. 



Pig 287 

A group of hot spnngs and geysers Yellowstone National Park. (Photo by 
Hillers, U. S Geological Survey.) 


The general explanation of geyser action may be stated 
briefly as follows : The very irregular geyser tube extends down- 
ward nearly vertically into a mass of hot lava. The tube is fill ed 
with water from openings in the immediately surrounding rocks. 
The boiling point of the water toward the bottom of the tube is 
considerably greater than it is at the surface because of the pres- 
sure of the column of water. Finally, however, the hot lava 
causes the water to boil far down in the tube, in spite of the pres- 
sure. The first steam to form causes the whole column of water 
to lift slightly, thus reheving the pressure on the superheated water 
far down, and resulting in a quick development of much steam 
which violently forces most of the water out of the geyser tube* 
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Mineral Springs. — Water begins to take mineral matter into 
solution as soon as it enters the earth. Where surface drainage 
enters the earth, some mmeral matter is already m solution. The 
amount of material dissolved depends upon various conditions 
such as the distance the water travels, the kind of rock traversed, 
the pressure, the temperature, and the content of gas In many 
cases, especially where the water goes but a short distance below 
the surface in difficultly soluble materials, the amount of mineral 
matter in solution may be so slight as to be unnoticed by ordinary 



Pig. 288 

Detail view of a part of Mammoth Hot Springs Yellowstone National 
Park (Photo by Jackson, XJ S. Geological Survey) 

observation In many other eases, however, particularly where 
the material is relatively soluble, or where the water travels far 
down, much material may be taken into solution, causing the 
water to become more or less highly minerahzed. Such water, 
emerging at the earth^s surface, forms a mineral spring which may 
be cold or hot. Mineral springs, and also wells, often yield so- 
caUed hard water which contains much calcite, dolomite, gypsum, 
or certain other mineral salts in solution. Wells and springs in 
limestone regions characteristically yield hard water. Soft water 
usually emerges from openings in igneous rocks, such as granite 
and lava, and from other rocks which contain very little limy 
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matter. Mineral waters may contain sulphuretted hydrogen, 
carbonic acid gas, and other gases A carbonated spring is highly 
charged with carbonic acid gas which escapes from the emerging 
water on account of the relief of pressure. Mineral springs may 
be either hot or cold. Mineral waters are often more or less 
medicinal in their effects. 


Wells 

Kinds and Depths of Wells. — Water wells are sunk in various 
ways, the most common of which will be mentioned. Most wells 
by far are simply dug down in loose materials to a httle below the 
water table. The depth seldom exceeds 50 feet in humid regions. 
Wells are often iored in loose materials with large augers, rotated 
by a power-developing machine, to depths of 100 feet, or some- 
what more. Wells may also be dnven in loose materials by forc- 
ing small metal tubes with perforated pomts to depths of 50 to 
200 feet. 

In hard bed-rock formations, wells for water and oil are usually 
drilled by the percussion of a long, heavy steel weight which is 
raised and suddenly lowered repeatedly from a derrick. Many 
wells have been drilled to depths of thousands of feet. Among 
several very deep wells in West Virgim*a, one showed a tem- 
perature of 172° F. at 7000 feet, and little or no water was en- 
countered m it all the way down A well over 7300 feet deep in 
southeastern Germany showed a temperature of 186° F. at the 
bottom. In 1929 a well 9280 feet deep was drilled in southern 
California. 

The drilling of deep wells, where samples of the rocks from 
different levels have been saved, has been an important aid to 
the geologist in rendering more precise a knowledge of the kmds, 
thicknesses, and structural relations of the rocks underground. 

Artesian WeUs. — When a well, sunk to a porous water- 
bearing layer or formation, or a crack or fissure filled with water, 
encounters water under enough pressure to cause it to nse more 
or less in the hole, we have an artesian well. The water is often 
under a tremendous so-called “ pressure head,” but it may, or 
may not, flow out upon the earth’s surface. 

Requisite conditions for the most common type of artesian 
well are the following: a porous layer between water-tight layers; 
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exposure of at least an edge of the porous layer so that water may 
enter it; inclination of the water-bearing layer (aquifer) so that 
the water will move downward m it under the action of gravity; 
absence of a ready escape of the water at a lower level than that 
of the weU; and an adequate rainfall to furnish the supply of 
water. 

An aquifer like that just described may extend under a valley, 
and outcrop on the hills on each side as shown by Figure 289; or 



Fig 289 

Structure section illustrating flowing wells in a synclinal basin. (After 
U S Geological Survey ) 

*3 



Fig. 290 

Structure section illustrating flowing artesian wells m a monocline (After 
U S Geological Survey ) 

it may be tilted in one direction and thin out, or grade into im- 
pervious material, as shown by Figure 290 In either case a flow- 
ing artesian well would be obtained by sinkmg a well through the 
upper water-tight layer into the aquifer. Some artesian basins 
are very extensive (Fig. 281), and the water emerging from a well 
in such a basin may have traveled hundreds of miles underground. 

If an aquifer, lying between water-tight beds, curves down- 
ward (synchnally) under a ridge, as shown by Figure 291, a well 
sunk to the aquifer from high up on the hiU would be non-flowing, 
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although the water might rise imder great pressure to a consider- 
able height in the hole. In none of the cases described will the 
water rise to the level of its source (or intake) because friction 
during the passage of 
the water through the 
porous rock layer re- 
duces notably the pres- 
sure, the more so as the 
distance increases. 

Much less common- 
ly than the cases just 
mentioned, both flow- 
ing and non-flowing 
artesian wells may re- 
sult where water is 
encountered under 
pressure in cracks, fissures, or channels in dense or hard rocks 
as suggested by Figure 292. 

Wells and Sanitation. — FuUy two-thirds of the people of the 
United States depend upon wells for their water supply. Most of 
the people by far in the upper Mississippi VaUey region use well 
water. The location of wells with reference to sanitary condi- 
tions is, therefore, of very great importance. Failure to give 



Diagrammatic section showing springs and flowing wells m jointed rocks. 
(After U S. Geological Survey.) 

reasonable attention to simple, fundamental precautions is a 
reason for a large amount of sickness which could be avoided, 
especially in country districts. 

Germ-laden water may travel surprisingly far underground. 
Water contaminated by barnyards, cesspools, and outhouses 
spreads notably on sinking to the water table in loose materials, 
often causing water in shallow (dug) wells close to houses and 



Fig 291 

Structure section illustrating a non-flowing 
well in a synclinal area Dotted formation 
IS the aquifer (Drawn by the author ) 
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barns to become more or less germ-laden (Fig. 293). The safe 
well must be situated out of range of such contamination. Germ- 
laden surface water may also travel underground through fissures, 

cracks, or channels in 

Cesspool 

JVelt 


bed rock, and contam- 
inate wells and springs. 
Less often the surface, 
and near-surface, 



Fig 293 

Structure section showing one way by which 
wells and springs may be polluted (After 
U S, Geological Survey ) 


drainage may be down 
a hillside, while con- 
taminated water may 
flow m the opposite 
direction underground 
in a porous layer of 


tilted bed rock. Even after a well has been carefully located in the 
light of the principles suggested, sanitary analyses of the water 
should be made once or twice a year to msure reasonable safety. 


Work of Solution by Subsurface Water 

Solvent Action of Subsurface Water. — Mention has already 
been made of the fact (p 336) that water begins to take more or 
less mineral matter 
into solution as soon 
as it enters the earth. 

Pure water has some 
power to dissolve min- 
eral matter, but the 
carbonic acid gas, and 
other gases and acids, 
which it takes up from 
the air and from the 
decomposing organic 
matter in the soil, 
greatly increase its 
solvent power. If it 
moves downward far 
enough, it also becomes 
warm (or hot) and gets under pressure, thus making it a more 
powerful solvent. The most common rock which is readily 



Fig 294 

Diagram illustratmg the origin of caves (in 
black), sink holes (a), and natural bridges m 
limestone (After H. F. Cleland ) 
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soluble in such water is limestone, which consists largely, or 
wholly, of either calcite or dolomite. Gypsum and salt-bearing 
strata are readily attacked. Many other minerals, even as resist- 
ant as feldspar, also are taken at least partly into solution. 

Amount of Material Dissolved. — One of two principal things 
may happen to mineral matter taken iato solution by subsurface 
water. It is either carried deeper down into the zone of fracture 
and there deposited in openings in the rocks, or it is brought to 
the surface, mainly through springs, to be carried to the sea by 
surface streams. The deposition of materials at lower levels is 
discussed beyond in this chapter. Even roughly approximate 
figures in regard to the 
amount of material de- 
posited at lower levels 
in the zone of fracture 
cannot be given, but 
the quantity is cer- 
tainly large. In the 
discussion of the rate 
of erosion of the United 
States (p. 154), it is 
stated that, according 
to good estimates, the 
rivers of the country Fig 295 

carry about 270,000,000 Echo River m Mammoth Cave, Kentucky, 
tons of dissolved mm- (Photo by courtesy of the Mammoth Cave 

eral matter to the sea Company.) 

each year. Most of this enormous amount of material is taken 
into solution by underground waters within a few hundred feet 
of the surface, and fed into the streams through springs. Under- 
ground water, therefore, contributes notably to the general proc- 
ess of wearing down (erosion) of the lands, because the surface 
streams, as they cut down, have less rock material to remove. 

Caves, Sink Holes, and Natural Bridges Formed by Solution. 
— An important result of the solvent action of subsurface water, 
particularly in limestone regions, is the development of caves (or 
caverns). One of the most remarkable examples is Mammoth 
Cave, Kentucky. This wonderful work of nature is entirely the 
result of the action of underground water which has dissolved (and 
to some extent corraded) and carried away tremendous quantities 
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of limestone. There are scores of miles of intricate passageways 
and galleries, some of them very large. A stream, called Echo 
River, aided by its tributaries, is still carrying on the work of 
solution, and so the cave is being enlarged (Fig. 295). Among 



Fig 296 

A stream entering an underground passage 
in limestone Nakimu Caves, British 
Columbia (Photo by the author ) 


other famous, large cav- 
erns similarly found in 
limestone are the recently 
discovered Carlsbad Cave, 
New Mexico; Oregon 
Caves, Oregon; Wind 
Cave, South Dakota; 
Wyandotte Cave, Indiana; 
and Luray Cave, Virginia. 

An opening which con- 
nects a cave with the sur- 
face is called a sink hole. 
Sink holes may be formed 
either by the solvent ac- 
tion of surface water which 
finds its way into a cave, 
or by the collapse of part 
of the roof of a cave. 

A natural bridge may 
be formed by the collapse 
of all but one portion of 
the roof of a cave. A 
famous example is the 
Natural Bridge of Vir- 


ginia. Natural bridges are formed also in other ways, one of 


which is described on page 213. 


Deposition by Subsurface Water 

Cave Deposits. — When water containing carbonic acid gas 
passes downward through a limy formation it becomes more or 
less lime-charged. A drop of such lime-charged water, on reaching 
the roof of a cave, evaporates somewhat, and gives up some of its 
gas, with the result that part of the lime is deposited. After hang- 
ing for a time on the ceiling, the drop of water falls to the floor 
where much, or all, of the remaining lime is deposited. Many 
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repetitioi^ of this process cause a long, slender, iciclenshaped 
incrustation of carbonate of hme, called a stalactite^ to be built 
vertically downward from the roof of the cave, and a similar, 
though usually thicker, mass, called a stalagmite , to be built 
vertically upward from the floor. Many stalactites and stalag- 
mites may form in a single cave, and some of them may join to 
form columns or piUars (Fig. 297). Wonderful and fantastic 



Fig. 297 

Stalactites, stalagmites, and pillars m a cave Oregon Caves, Oregon. 
(Photo by courtesy of the U S. Forest Service ) 


effects are thus often produced, dependent upon the manner in 
which the lime-charged waters trickle and spatter, as for example 
in the Luray Cave of Virginia; parts of Mammoth Cave, Ken- 
tucky; and Wyandotte Cave, Indiana. Stalactites and stalag- 
mites occur in great profusion, and of great size — 5 to 25 feet 
in diameter, and 25 to 50 feet long — in the very recently explored 
Carlsbad Cave of New Mexico. 

Under more exceptional conditions, stalactites and stalagmites 
may be formed of other minerals, such as chalcedony, hmonite. 
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etc. These are rarer and usually much smaller than those of lime 
because the matenals are more difficultly soluble. 

Spring Deposits. — When underground water, highly charged 
with mineral matter, reaches the surface as a spring, there is a 
strong tendency for it to deposit at least part of its mineral load. 
Reduction of pressure, lowering of temperature, and escape of 
carbonic acid gas, are among the principal factors which cause 
such deposition by springs (Fig 288) Deposits of carbonate of 



lime are not uncommonly 
found around springs of even 
relatively cool water, where 
the mineral-charge is heavy. 
Travertine is a general name 
applied to hmy spring de- 
posits, while the more po- 
rous or stringy, limy masses 
are called calcareous tufa. 

Large, hot springs are 
especially likely to yield ex- 
tensive deposits in their 
immediate vicimties, an ex- 
cellent case in point being 
the great accumulations of 
travertine around the Mam- 
moth Hot Springs of Yellow- 
stone Park (Fig. 288). The 


298 alkaline waters of the hot 

Veins of calcite in a pebble of schist. geysers ^ the 

(Photo by the authoi ) Yellowstone geyser basins 

bring much so-called geyserite 
to the surface where it accumulates. This porous material is the 
same in composition as the mineral quartz. Other mineral 
substances are less often deposited by springs. 

Belt of Cementation; Veins. — Underground water accom- 
plishes most of its work of solution in the upper portion of the 
zone of fracture, that is in the belt of weathering (p. 58). As the 
water moves downward, it becomes richer in mineral matter, and 
more sluggish. The tendency is for the dissolved substances to 
be deposited when they reach considerable depths, fillmg cracks, 
fissures, and openings of aU kinds, even exceedingly small ones. 
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This portion of the zone of fracture, in which deposition of dis- 
solved minerals takes place, is called the belt of cementation. Many 
sedimentary rocks are consolidated by cementation in this belt. 
Cracks and fissures filled with mineral matter from underground 
water solutions are called veins (Fig. 298). Among the very 
common vein-forming minerals are quartz, calcite, fluorite, and 
barite. Two or more minerals may occur in one vein. T^ere 



Fig 299 

Petrified tree-trunks uncovered by erosion. Petrified Forest National Monu- 
ment, Arizona. (Photo by G. P. Merrill, U. S. National Museum.) 


underground openings are filled only partly with mineral matter, 
beautiful crystals often occur. 

Valuable ores, such as those of gold, silver, copper, lead, and 
zinc, usually have been deposited from underground water solu- 
tions, and concentrated in veins in many regions. Deposition 
also often results where imderground waters with certain sub- 
stances in solution travel through various rocks, or encounter 
solutions of other substances, thus bringing about chemical reac- 
tions which may develop insoluble substances, with resultant 
deposition of the latter. 




348 


PHYSICAL GEOLOGY 


Mineral-charged subsurface water may also bring about 
petrifackoTij that is, the replacement, particle by particle, or cell 
by cell, of a buried shell, log, or other remains of an organism 
by the mineral matter from an underground solution. In this 
manner the so-called Petrified Forests of Arizona (Fig. 299), of 
Yellowstone Park, and of other regions were formed, the petrify- 
ing material having been the very common substance called 
silica,’^ which is the same in composition as the mineral quartz. 



CHAPTER XIII 


MOUNTAINS, PLATEAUS, AND PLAINS 

Principal Relief Features of the Land 

General Statement. — The earth’s rehef features of first 
naagnitude are the continents and the ocean basins. The principal 
relief features of the continents are mountains, plateaus, and 
plains. Many references to these have been made in the preceding 
pages, but our present purpose is to consider them briefly as units, 
with particular emphasis upon their origin and histoiy. It has 
been well to reserve such a discussion of mountains, plateaus, 
and plains until late in our study of physical geology because it 
involves a knowledge of so many facts and principles of the 
science, more especially of diastrophism, vulcanism, and erosion, 
and also a knowledge of common rocks. Ocean basins have 
already been considered in Chapter X. 

Mountains constitute the most conspicuous relief features of 
the earth. The expression “ everlasting hiUs ” may seem appro- 
priate to the layman who is impressed by the grandeur and mas- 
siveness of mountains. To the geologist, however, mountains, 
even the grandest of them, are known to be but transitory forms. 
A mountain, like an organism, has a life history which may be 
relatively short and simple, or long and complex. Many of the 
most profound lessons of geology have been learned from the 
study of the tilted, folded, faulted, and deeply eroded rocks of 
the earth’s crust where they are exhibited so wonderfully in 
mountains. 

Definition of Mountains. — In the commonly accepted sense 
of the term, a moimtain is any notably elevated portion of a 
region. As more precisely defined, ‘‘ mountains are conspicuously 
high lands which have but slight summit areas ” (R. D. Salisbury). 
Mountains are conspicuously high in a relative sense only, that is, 
they stand out boldly above their surroundings. Low mountains 
are often called hills, but the distinction between these two terms 
is often a relative matter, usually depending upon the region in 
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which the elevations occur. Thus in a region of low relief hke 
Iowa, elevations of only 100 to 300 feet are sometimes referred 
to as mountains (e,g. Mount Vernon, Iowa), while in other regions 
elevations of 1000 to 3000 feet may be called hills (e.g. Berkshire 
Hills, Massachusetts). As a rule, however, elevated masses lower 
than a few hundred feet are not called mountains, and those 
higher than a few hundred feet are not called hills. 

Definition of Plateaus. — Tracts of relatively high land with 
considerable summit, or near-summit, areas are called plateaus. 
They nearly always rise distinctly and rather abruptly above the 
surrounding country on at least one side. True plateaus rarely, 
if ever, merge into lowlands (plains). Plateaus are usually higher 
than plains, but they may be considerably lower, as for example 
the Piedmont Plateau of the eastern United States which is much 
lower than the Great Plains lying just east of the Rocky Moun- 
tains. Plateau surfaces are usually more of less trenched by 
valleys, or even great canyons; and mountains rise above the 
general level of some of them. 

An excellent large-scale example of a high-level plateau with 
a conspicuous descent on one side is the great Colorado Plateau 
of the southwestern United States (Fig. 6). It lies from 5000 to 
11,000 feet above sea level, with a gradual increase in altitude 
from south to north, and it is separated from the Great Basin on 
the west by a steep slope (fault scarp) 1000 to 3000 feet high. 
It is trenched deeply by the Grand Canyon of Arizona. 

Some plateaus Ke between plains and mountains. Examples 
are the Cumberland (or Allegheny) Plateau which hes between the 
Appalachian Mountains and the Interior (Mississippi) Plain, 
and the Piedmont Plateau which lies between the Appalachian 
Mountains and the Atlantic Coastal Plain (Fig. 5). 

Some plateaus, like Greenland and the Iberian Peninsula 
(Spain and Portugal), rise abruptly either from the sea or from 
narrow coastal plains, on one or several sides. 

The remarkably lofty plateau of Tibet (altitude, fuUy 15,000 
feet) is almost surrounded by mountains, as is also the plateau 
of central Mexico. 

Definition of Plains. — Tracts of relatively low, level lands 
are called plains. In actual usage the terms “ plains and 
plateaus are often confused, and, as a matter of fact, a very 
clear distinction between them is difficult to make. Plains are. 
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as a rule, lower than plateaus, but there are striking exceptions, 
as for example the Great Plains of the United States lying at 
altitudes of from 3000 to 6000 feet, and gradually descending 
eastward into the Interior (or Mississippi Valley) Plain (Fig. 5). 
Relation to the surrounding country is a more important criterion 
than altitude for distinguishing between plateaus and plains. 
Thus if the region known as the Great Plains were separated 
abruptly from the Interior Plain, or if it were almost surrounded 
by mountains, some such term as '' Great Plateau would be more 
appropriate. 

Much of the continental areas are occupied by plains. Not 
only are plains the simplest of land forms, but also they are the 
most widespread. Most of the people of the world by far live upon 
plains. In the United States, plains are excellently and extensively 
illustrated by the Interior (Mississippi Valley) Plam, the Great 
Plains, and the Atlantic and Gulf Coastal Plains (Fig. 5). The 
Great Plains are remarkably smooth, but the others mentioned 
are considerably trenched by stream-cut valleys. 


Areangement of Mountains 

A mountain peak is a more or less cone-shaped mountain mass, 
as for examples Lassen Peak, Pikes Peak, Mount Rainier, and 
Mount Washington. 

A mountain ridge is a relatively long, narrow mountain mass, 
such as the Blue Ridge and many others, often locally called 
mountains or ranges, in the Appalachian district. 

Peaks or ridges, or both, may be grouped irregularly, as in the 
Adirondack and CatskiU Mountains of New York. A single 
large ridge may be surmounted by a number of peaks, as for 
example the Cascade Range. A single large ridge may be without 
very conspicuous peaks at its crest, as for example the Sierra 
Nevada Range. Many nearly parallel ridges may be grouped into 
long, relatively narrow belts, as in the case of the Appalachian 
Range. 

A mountain range may, from the geological standpoint, best be 
regarded as a single mountain ridge, or group of ridges and peaks, 
often with more or less parallel arrangement, the material of 
which was built up into mountain form by a geological process 
(or set of processes) during a particular portion of geological 
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time. In dealing with mountain origin and structure, the range 
is, therefore, a geological unit. The Appalachian Range, the 
Sierra Nevada Range, the Wasatch Range, the Coast Range, the 
Pyrenees, the Alps, and the Himalayas are good examples, though 
it should be borne in mind that most of these were rejuvenated 
after their original uplift. 

A mountain system “ consists of two or more mountain ranges, 
of the same (or nearly the same) period of origin, belonging to a 

common region of 
elevation, and gener- 
ally either parallel, or 
in consecutive lines ” 
(J. D. Dana). Thus 
the Laramide system 
includes a series of 
ranges in the Rocky 
Mountains. 

A mountain chain 
consists of two or more 
systems or ranges 
formed at distinctly 
different geological 
times in a definite part 
of a continent, and 
usually more or less parallel. Thus the Appalachian Chain com- 
prises the whole mountain region on the Atlantic side of North 
America, including the Acadian Range of Nova Scotia and New 
Brunswick, the mountains of eastern New England, the Green 
Mountains, the Berkshire Hills, the Highlands of the Hudson, 
and the Appalachian Range. 

A cordillera is a grand combination of chains, systems, and 
ranges in one general portion of a continent. The North American 
Cordillera includes all the mountains from the eastern face of the 
Rocky Mountains to the Pacific Ocean. 



Fig 300 

Diagram and section showmg slightly eroded 
mountain ridges Jura Mountains, Switzer- 
land. (After W M. Davis.) 


Origin of Mountains 

Folded Mountains. — Character, origin, and structure of the 
materials. Most of the great mountain ranges of the earth belong 
in the category of so-called folded mountains. Folding of strata, 
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accompanied by general uplift, is the most important of the various 
modes of origin of mountains. A good idea of the general charac- 
ter, origin, and structure of the materials of a typical folded range 



Fig. 301 

Structure section 30 miles long showing deeply eroded folds. Rocky 
Mountains of Montana (After U. S Geological Survey ) 

may be gained from the consideration of a carefully studied 
example, such as the Appalachian Range 

Even a casual trip across the Appalachian Range would reveal 
the fact that the rock materials consist very largely of common 
kinds of stratified rocks, that is, sandstones, conglomerates, 
shales, and hmestones It would also be evident that the thickness 
of the strata must be measured by thousands of feet. As a matter 
of fact, careful determinations have shown that the strata of the 
Appalachians were accumulated originally under water, layer 
upon layer, to a maximum thickness of 25,000 to 35,000 feet. 



Fig. 302 

Structure section showmg deeply eroded folded strata in the Appalachian 
Mountains of West Virginia C = Cambrian, O = Ordovician; 
S = Silurian, D = Devoman Length of section, 18 miles. (After 
Darton, U S. Geological Survey ) 

The tremendous thickness of such a pile of strata clearly leads to 
the conclusion that the deposition must have continued for 
millions of years. Not only are the rocks of the Appalachians 
water-laid sediments of great thickness, but also they were 
deposited mostly under sea water as proved by the fact that they 
contain numerous fossil remains of typical marine animals. 
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The strata of a typical folded range, like the Appalachians, 
are largely, or wholly, of shallow-water origin, that is, they were 
laid down on the floor of a relatively shallow sea. This is proved 
by the very nature of the materials, particularly the sandstones 
and conglomerates; by the types of animals represented in fossil 
form; and by certain markings on many strata, such as ripple 
marfe, mud cracks, etc. Since the strata are of shallow-water 
origin, and since they are piled up to a great thickness (many 
thousands of feet), it is obvious that the sea floor upon which the 
sediments accumulated must have subsided during the process 



Fig 303 

Structure section showing the deeply eroded, very highly folded Alps along 
the line of the Simplon Tunnel Length of section, 16 miles (Kayser, 
after Heim) 

of deposition. Such deposition of sediments usually takes place 
in a great down-warp, or subsiding trough, generally hundreds of 
miles long and 75 miles or more wide, known as a geosynchne to 
distinguish it from an ordinary synchne. 

The folded strata of a typical folded range are nearly always 
arranged in relatively long, narrow belts or zones. This is because 
they consist very largely of land-derived materials which were 
deposited in shallow water along the margin of a land area This 
is in harmony with the weU-known fact that, at the present time, 
land-derived sediments (gravel, sand, and mud) are deposited 
almost entirely within 100 to 200 miles of the continents. We 
must, therefore, think of the site of a typical folded range as once 
having been a subsiding, marginal sea bottom upon which sedi- 
ments piled up layer upon layer for millions of years to a thickness 
of many thousands of feet. 

One of the most strikingly evident features of a typical, 
folded range is that the strata are not in essentially horizontal 
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position as they were when they were deposited, but that they 
have been much disturbed and thrown into folds. Single folds 
range in length and width from less than a few feet to miles (Figs. 
92 and 301). The degree of folding varies from gentle anticlinal 
and synchnal structures to overturned and recumbent folds, and 
even to compressed isochnal folds (Figs 84 and 88) . Such folded 
structures were, as previously explained (p 112), developed by a 
tremendous force of 


lateral compression 
within the zone of flow- 
age of the earth^s 
crust. The folds are 
now exposed as a result 
of removal of overly- 
ing material by subse- 
quent erosion The 
main axes of the folds, 
with some minor ex- 
ceptions, extend essen- 
tially parallel to the 
main trend of a folded 
range. This is because 
the force of compression 
was exerted at right 
angles to the trend of 
the range. 

A high degree of 
folding of strata results 
in a considerable 
amount of earth-crust 
shortening. This is be- 
cause the belts of once 



Fig. 304 

Block diagrams showing how erosion may cause 
antichnial valleys and synchnal mountains. 
(From Tarr's New Physical Geography, by 
permission of the Macm i llan Company.) 


horizontal strata are crumpled into much narrower zones. It has 


been estimated that the crustal shortening caused by the Appa- 


lachian folding across southern Pennsylvania was fully 26 miles. 
In the very severely folded Alps the shortening is much greater. 

fine/ history of a folded range. In dealing with a cycle of erosion 
or topographic development, we used the terms infancy, youth, 
maturity, and old age. In a somewhat similar man ner we may 
use a biological analogy in dealing with the evolution of a typical. 
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folded range. First there is the embryonic stage dunng which th^ 
sediments accumulate upon the marginal sea floor. This stage k 
usually very long — milhons of years at least. 

Next comes the birth of the range when the strata are sub- 
jected to lateral pressure, somewhat folded, and raised partly out 
of the sea. 

During the youthful stage the mountain range grows, that is, 
it increases in altitude, and the folding becomes more complex, 



Fig 305 

A mourLtain ridge carved out of highly inclined, folded strata Height of 
mountain, about 2000 feet. (Photo by Chapman for U S. Geological 
Survey.) 

because the compressive force is still very active. The increase 
in height takes place because the constructive force of uphft is 
greater than the destructive force of erosion, which latter already 
operates to cut down the range. 

The mature stage is reached when the upbuilding process is 
about equalled by the tearing down (erosive) process. It is during 
this stage that the range exhibits its greatest altitude and its 
maximum ruggedness of relief. 

During the old-age stagey the upbuilding process either greatly 
diminishes, or ceases altogether, and the tearing down process of 
erosion causes a steady reduction in the height of the range. 
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Finally the extinction of the range, as a conspicuous relief 
feature, is reached when erosion has reduced it to the condition 
of a peneplain. 

The normal order of events in the history of a folded range, 
as above outlined, may be interrupted at any stage by renewal, 
or accentuation, of uphft, particularly after maturity, causing 
a revival of stream activity, and an increase in ruggedness of 
rehef . Even after a range has been peneplaned it may be uplifted 
and rejuvenated with estabhshment of a new cycle of erosion. 
Subsidence would directly cause a lowermg of the range and a 
slowing down of the 
process of erosion. 

Rate and date of fold- 
mg. It must be clearly 
understood that folding 
and uplift of a great 
body of strata into a 
large mountain range is 
a very slow process, 
generally requiring hun- 
dreds of thousands, or 
even some imlhons, of 
years. As compared to 
the long eons of known 
geological time, the 
active process of folding 
does, however, take 
place within a comparatively short time. It is usually much 
less than the time necessary for the deposition of the strata. 
Great mountain ranges have been formed by folding of rocks 
at various times, and in many places, during geological time. 
Such mountain-making (orogenic) disturbances are commonly 
called “ revolutions.” Thus, in North America, since the open- 
ing of the Paleozoic era, some of the most important orogenic 
disturbances have been as follows: Taconic Revolution, in 
western New England and southeastern New York, toward the 
close of the Ordovician period (see table, p. 7); Appalachian 
Revolution toward the close of the Paleozoic era; Sierra Nevada 
Revolution toward the close of the Jurassic period; Rocky Moun- 
tain Revolution toward the close of the Cretaceous period; 



Fig 306 

Mountains carved out of highly folded strata. 
Folds not visible in picture. Selkirk Moun- 
tains near Glacier, British Columbia (Photo 
by the author ) 
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and the Coast Range Revolution in the midst of the Tertiary 
period. 

' How IS the date of a folded range determined? Two principles 
are involved. First, it is necessary to determine the geological 
age of the latest (youngest) strata involved m the folding. The 
folding must have occurred after the deposition of such strata. 
Second, it is necessary to determine the geological age of the 
oldest (lowest) non-folded, or less folded, strata resting (by un- 



Pig. 307 

A mountain ridge carved out of strongly tilted strata. Near Banff, Alberta, 
Canada (Photo by Miss A. A. Heme ) 


conformity) upon the folded rocks. The folding of the underlying 
rocks must have taken place before the deposition of the overlying 
strata (Fig. 309). To use a concrete example, we know that the 
Appalachian Revolution occurred at about the close of the Paleo- 
zoic era because the youngest folded strata are of very late 
Paleozoic age, while the oldest non-folded strata, resting upon the 
folded rocks, are of early Mesozoic age. 

Cause of folding. We are reasonably certain that the earth 
does not consist of a molten interior covered by a solid crust 
but rather that it is composed of a great, hot, solid interior en 
veloped by a relatively cool, outer, or crustal, portion. Mountain- 
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folding, with its accompanying crustal shortening, is quite certainly 
produced by lateral pressure within the earth's crust. It seems 
to be a well-established fact that the earth has been a shrinking 
body for long ages of geological time. It also seems to be clear 
that erogenic, or mountain-folding, forces are somehow caused by 
earth contraction with its resultant stresses and strains in the 
shell (or crust) of the earth. 



Fig 308 

A mountain ndge carved out of vertical strata. Near Banff, Alberta, Canada. 
(Photo by the author.) 


The ultimate cause of earth contraction is not known. It may 
be due to loss of heat from the interior, or to the force of gravity 
whereby the crust is pulled nearer and nearer the center of the 
earth, or to both. Just how earth contraction produces folding 
of rocks to form mountain ranges is not yet definitely known. It 
would carry us too far afield to discuss at aU fuUy the various 
phases of these problems. A few brief suggestions only will be 
given. The whole matter is complicated by the facts that the 
crustal portion of the earth is a heterogeneous mass, and that 
folding of strata has been localized both in place and time, that is, 
folded mountains have formed in various regions, and in various 
parts of geological time. 
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According to one view, conduction of heat from the interic 
portion of the earth outward would cause “ a severe crowding c 
the outer (crustal) zone upon itself in shrinking to fit the dee 
interior as it loses heat and shrinks.” Local, relatively wea 
zones of the crust would yield to such crowding action by crumphn 
and folding. 

Another view is that the crowding action of the crust upo 
itself may be largely, or wholly, due to the force of gravity whic 
acts powerfully to cause all material of the lithosphere to mov 
toward the center of the earth. Weaker portions of the crus 
would, therefore, be folded. 

According to the doctrine of tsostasy, the hthosphere is in 
condition of approximate eqmhbrium at any given time. Th 
lithosphere consists of heterogeneous material varying considei 



Fig 309 

Structure section illustrating the date of folding of strata The folded rock 
are Ordovician and older; the non-folded rocks are Silurian and Devoniar 
CatskiU Mountains, New York (By the author ) 

ably in density. Those segments of the hthosphere which consis 
of heavier material are lower because they are drawn down mor 
powerfully by gravity toward the center of the earth, while th 
lighter segments stand out in relief. The two grand continenta 
segments, and the two grand oceanic segments, are thus explained 
These grand segments are, in turn, beheved to be subdivided int< 
smaller segments of varying sizes and densities. According to th 
theory of isostasy, earth segments of comparable surface areai 
tend to contain the same weight of material irrespective of volume 
If, through erosion, much material is transferred from a higher 
lighter segment to a lower, heavier segment, rock material a 
great depth will flow from the heavier segment into the hghter 
thus restoring the equality of material in the segments. Th< 
heavier segment thus sinks, while the lighter segment rises 
Relatively near the surface, material cannot be transferred readilj 
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from the heavier to the lighter segment, and so the crowding action 
of one against the other may cause there a crumpling or folding 
of the rocks. In harmony with this view is the fact that many 
great folded ranges have formed along the general borders of the 
contmental and oceanic segments. 

According to another explanation, much folding of strata is 
ascribed to intrusion of great volumes of magma into the earth^s 
crust. Igneous activity is certainly a co mm on accompaniment of 



Fig 310 

Part of a great, somewhat eroded fault scarp about 5000 feet high (Wasatch 
Mountains, near Ogden, Utah (Photo by the author.) 


mountain folding, and its crowding (or shouldering) action has 
been deemed by some a suJBBlcient cause of crumpling of adjacent 
strata. 

Fatilted (Block) Mountains. — Many mountain ranges are 
caused either partly or wholly by faulting, whereby great earth 
blocks are made to stand out in relief. Such blocks are often 
tilted, and they are called faulted or block mountains. Tilted 
block-mountains are developed typically in southeastern Oregon 
(Fig. 319) where a series of them from 10 to 40 miles long, and 
1000 feet or more high, have their fault scarps affected only slightly 
by erosion. Many of the north-south ranges of Nevada and Utah 
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are block mountains considerably modiJ&ed by erosion. The 
bold western face of the Wasatch Range of Utah is a moderately 
eroded fault scarp about a mile high, and many miles long (Fig 
310). Grandest of all in the Umted States, however, is the Sierrg 
Nevada Range which is a single, great, tilted, fault block ovei 
500 miles long, and from 60 to 100 miles wide. A somewhat eroded 
very steep, fault scarp, ranging from a few thousand feet to twc 
miles high, sharply bounds the range on the east side, while a long 
relatively gradual slope forms its western side (Fig. 154). A 



Fig 311 

A great volcanic cone considerably eroded Mt Shasta, Cahfornia. 
(Photo by DiUer, U. S. Geological Survey ) 


portion of the Rhine Valley of Germany is a sunken fault bloci 
lying between two tilted fault blocks — the Vosges and the Blact 
Forest. 

Volcanic Mountains. — We have already learned that many 
mountain peaks, often of great height, have been built up by 
accumulations of igneous materials around the vents of volcanoes. 
A few among the many well-known examples are: Lassen Peak, 
California (over 10,000 feet high); Mount Shasta, California 
(over 14,000 feet) ; Mount Rainier, Washington (over 14,000 feet) - 
Cotopaxi in Ecuador (nearly 20,000 feet); and Mauna Loa in 
Hawaii (about 30,000 feet, as measured from the sea bottom on 
which it stands). 
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Not only individual peaks, but also whole mountain ranges 
may be built largely, or wholly, by volcanic action. Thus the 
Cascade Range, extending for hundreds of miles from northern 
California through Oregon and Washington into British Columbia, 
is essentially a volcanic range whose once greatest centers of 
activity are marked by conspicuous cones like Mounts Lassen, 
Shasta, Pitt, Hood, St. Helens, Rainier, and Baker. The Chain 
of the Aleutian Islands of Alaska, more than a thousand miles 
long, is an excellent illustration of a mountain range now being 
built in the sea by ac- 
tive volcanoes. The 
Hawaiian Islands rep- 
resent the highest parts 
of a great, largely sub- 
marine, volcanic range 
hundreds of miles long. 

Laccolithic Moun- 
tains. — Closely related 
to volcanic peaks in 
origin are so-called 
laccolithic mountains, 
the principle of which 
has already been de- 
scribed (p 141). In 
such cases molten ma- 
terial is forced into the 
crust of the earth, but instead of reaching the surface, it bulges 
or lifts the upper portion of the crust into dome-like forms. Lac- 
coliths are very typically illustrated in southeastern Utah, and 
also in parts of Colorado, Wyoming, and South Dakota, in all of 
which regions practically horizontal strata have been bulged up 
by magmas. There they show aU stages of erosion from those 
whose covers are practically intact to others whose igneous 
cores have been more or less laid bare, with the eroded edges 
of strata lapping up on their flanks (Fig. 123). Laccolithic 
mountains are neither abundant nor very large. They occur 
singly, or in groups, but practically never in the form of distinct 
ranges. 

Erosion Mountains. — All mountains are of course subjected 
to, and modified by, erosion. In not a few cases, however, moun- 



Pig. 312 

Mountain peaks several thousand feet high 
carved out of horizontal strata Zion Canyon, 
Utah (Photo by the author ) 



tains may be developed by erosion alone in uplifted regions little, 
if any, affected by folding, faulting, or igneous activity. Such 
so-called erosion mountains are formed by the erosive sculpturing 
of plateaus and high plains into high ridges, peaks (or buttes), 
mesas, and deep valleys. The Catskill Mountains of New York, 
with their numerous narrow ridges and deep valleys, have been 
carved out of upraised, nearly horizontal strata simply by erosion. 



Fig 313 

Mountainous masses several thousand feet high carved out of nearly hori- 
zontal strata. Grand Canyon, Arizona (After Holmes, U S. Geological 
Survey.) 

The maze of sharp mountain ridges and narrow valleys consti- 
tuting the badlands of parts of Wyoming and South Dakota, 
have been eroded out of high, relatively soft, nearly horizontal 
strata (Fig. 125). The numerous peaks and pinnacles which rise 
mountain-like within the Grand Canyon of Arizona (Pig. 313) are 
really erosion remnants, or erosion mountains. Another good 
illustration of erosion mountains is near the mouth of Zion Canyon, 
Utah, where mountain peaks several thousand feet high have been 
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carved by erosion out of horizontal strata lying from 4000 to 8000 
feet above sea level (Fig. 312). 

Composite Mountains. — In addition to erosion which affects 
all mountains of whatsoever mode of origin, folding, faulting, and 
igneous activity may all play important parts in the development 
of a single mountain range. This was true of the Appalachian 
Eange, especially its southern portion. The severe folding of the 
original Sierra Nevada Range was accompanied by tremendous 
intrusions of granite magma, as well as by vigorous erosion. 
Faulting and erosion only have entered into the development of 
the block mountains of southeastern Oregon. Many mountains 
are wholly of igneous origin, and more or less modified by erosion. 

Various mountain ranges formed by folding have been deeply 
eroded, and then rejuvenated by uplift without notable folding 
or faulting. Examples of such rejuvenated ranges are given 
beyond. 


ScULPTTJBING AND DESTRUCTION OF MOUNTAINS 

From the very beginning of its history as a topographic feature, 
every moimtain mass is attacked unceasingly by weathering and 
erosion which continue 
to operate during the 
periods of youth, ma- 
turity, and old age. In 
the course of time every 
mountain will be lev- 
eled by erosion unless 
it is rejuvenated by 
some process of igne- 
ous activity or diastro- 
phism. Cases of rejuve- 
nation are described 
under the next head- 
ing. 

All three of the 
great erosive agents — 
water, ice, and wind — 
are important in the sculpturing of mountains, but water is the 
most effective. The principles of weathering, and of water, ice, 



Fig. 314 

Mountains carved out of igneous and meta- 
morphic rocks. San Gabriel Mountains, 
California. (Photo by the author.) 
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and wind erosion, as well as many topographic forms resulting 
from their action, are described in preceding chapters, and it 
seems unnecessary to repeat them here in their direct bearing 
upon mountain sculpturing. Some general effects of the action of 
running water will, however, be mentioned. Thus a range con- 
sisting of well-defined more or less parallel folds will, in maturity, 
or after rejuvenation, be eroded into a system of parallel ridges 
and valleys (e.g. the Appalachian Range). A mountain mass 
consisting of approximately horizontal strata (e.g. the Catskill 
Mountains), or of igneous or metamorphic rocks without well- 

defined structures (e g. 
the western Adirondack 
Mountains) will be 
carved into a maze of 
valleys and ridges. 
Conspicuous valleys 
will often develop along 
lines of prominent 
faults (e.g. the eastern 
Adirondacks, and the 
Coast Range Moun- 
tains). Volcanic and 

laccolithic peaks will be 

trenched deeply with 
MounW ca^ed out of igneous aud meta. radiating from 

morpmc rocks, snowing mature topography. . .. . 

Adirondack Mountains, near LoA Mvdler, near their sumimts (e.g. 
New York. (Photo by the author.) Mount Shasta). Block 

moimtains will be dis- 
sected variously by erosion depending upon the attitude of the 
blocks, and the character and structure of their rocks. Great 
tilted blocks will, in youth and maturity, have a system of 
approximately parallel canyons carved out of their long, more 
gradual slopes, and short steep gorges and canyons in their fault 
scarps (e.g the Sierra Nevada Range). 

In cold, humid regions, mountains may be sculptured con- 
siderably by glaciers which cause development of U-shaped valleys, 
cirques, and knife-edge ridges (e.g. Glacier Park, Montana). 

The action of wind is an erosive factor usually of considerable 
importance in mountains in arid regions (e.g. the Great Basin 
mountains of Nevada and Utah). 
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Rejuvenation op Mountains 

The history of many mountain ranges is more or less comple? 
A range may be born and pass thi-ough the mature and old-ag 
stages to extinction (peneplain stage) practically without interrup 
tion. It may, or may not, then be rejuvenated by diastrophisr 
or igneous activity. A range may have its normal life histor 
interrupted at some particular stage, or during more than on 
stage. The more the 
great ranges are being 
studied, the more it is 
realized that the life 
histories of many of 
them are by no means 
regular and simple. A 
few examples of mter- 
rupted cycles of moim- 
tain history will serve 
to make clear the gen- 
eral principles. 

The Rocky Moun- 
tains were elevated and 
more or less folded (Fig. 

301) toward the close of 
the Mesozoic era, giv- 
ing rise to the so-called 
Rocky Mountain Rev- 
olution. This revolu- 
tion inaugurated a 
period of volcanic ac- 



Pig 316 

A moimtain peak carved out of massiv< 
granite. Tehipite Dome, Kmgs Rive] 
Canyon, California (Photo by courtesy 
of the U S Forest Service ) 


tivity which affected the mountains considerably during th< 
Tertiary period. In the early Tertiary period there was a notable 
renewal of folding, especially in Utah, Wyoming, and Montana 
Also in early Tertiary time, considerable faulting occurred, par 
ticularly the development of the tremendous thrust fault alon^ 
the eastern side of the Rockies in southern Canada and the 
northern United States (Fig. 114). In late Tertiary time, anc 
possibly even later, at least one profound movement of uplif 
accompanied by faulting, but with little or no folding, greatly 
rejuvenated the Rockies which had been much reduced 
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erosion. Most of the detailed sculpturing of the mountains has 
been accomplished since the rejuvenation by rivers and glaciers, 
during the present (Quaternary) period of geologic time. 

The Sierra Nevada Range was severely folded and elevated 
toward the close of the Jurassic period. Great volumes of granite 
magma were intruded at the same time. Erosion then held sway 
until the range was reduced to hilis by middle Tertiary time. Then 
a great fault fracture (already described, p. 135) began to develop 



Fig. 317 

Mountains being sculptured by glaciers. Mendenhall Glacier, near Juneau, 
Alaska (Photo by E. Andrews, Douglas, Alaska.) 


along the eastern side, and the whole Sierra Nevada fault block 
has been upraised and tilted into its present position. The many 
deep canyons, like Yosemite, Kern River, King^s River, American 
River, and Feather River, have been cut into the western slope of 
the fault block by erosion (Fig. 154). 

The Cascade Range was considerably folded and elevated 
toward the close of Jurassic time, and then eroded. During 
Tertiary time the range was rejuvenated profoundly by volcanic 
action, including the development of the series of great cones 
(already mentioned) arranged along its summit (Fig. 270). In 
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early Quaternary time, at least that portion of the range cut 
through by the Columbia River was bowed up several thousand 
feet in the form of a broad anticline with its axis parallel to that 
of the range, the river maintaining its course during the uplift 
(Fig. 161). 

The Appalachian Mountain district was subjected to several 
minor, more or less local, uplifts during the Paleozoic era, but 
the grand climax (Appalachian Revolution) of folding and uplift 
occurred toward the close of the era (Fig. 302). Accompanying, 
and shortly following the folding, great thrust faults developed. 
Throughout Mesozoic 
time, the range was 
subjected to profound 
erosion, and reduced to 
the condition of a pe- 
neplain. About the be- 
ginning of the present 
(Cenozoic) era, the 
whole peneplaned re- 
gion was rejuvenated 
by irregular uplift and 
warping, but without 
real folding. The 
amount of uplift usu- 
ally varied from 1000 
feet to several thousand 
feet. The existing ruggedness of the range is due to erosion 
which has operated upon the rejuvenated range (Fig. 318). The 
system of long, narrow mountain ridges and valleys has been 
determined by the harder and softer rock formations which fol- 
low the strike of the original folds. 



Fig 318 

Block diagram lUustrating the history of the 
Appalachian Range (After W M Davis ) 


Origin and History of Plateaus 

Some of the most important modes of origin of great plateaus 
are the following: (1) By simple uplift with little or no tilting, 
faulting, or folding, good examples being the plateau of south- 
western New York, and the Allegheny Plateau just west of the 
Appalachian Range; (2) by upKft with tilting and some faulting, 
but with little or no folding, an excellent case in point being the 
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great Colorado Plateau, and (3) by the up-bmlding of a region 
by many out-pourings of lava, as illustrated by the Columbia 
Plateau of the northwestern United States. Smaller plateaus (or 
table lands) may originate by being faulted above the surrounding 
country, as illustrated by several examples along the southern 
side of the Adirondack Mountains of New York; or by cutting 
down the surrounding country by erosion, good examples being 
the Tug Hill Plateau between Lake Ontario and the Adirondack 
Mountains, and many mesas of the southwestern states. 

Plateaus, as well as mountains, are attacked by weathering 
and erosion from the very beginning of their history By maturity, 
the original, more or less flat, surfaces are much trenched and 
dissected by erosion, giving rise to maximum ruggedness of rehef . 
They are then often called mountains (e g. CatskiU Mountains) 
instead of plateaus. With continued erosion, plateaus become 
more subdued in relief, and they are worn down finally to pene- 
plains. As in the case of mountains, so with plateaus, the normal 
cycle of topographic development may be interrupted by re- 
juvenation. 


Origin and History of Plains 

Extensive plains may originate by simple uplift accompanied 
by little or no tilting, warping, or folding. A good example is 
the wide Interior Plain of the Upper Mississippi Valley which is 
nearly everywhere less than 1000 feet above sea level, and con- 
siderably dissected by erosion. 

Great plains may originate by uplift accompanied by notable 
tilting, as for example the Great Plains area which inclines down- 
ward, from an altitude of a mile or more at the base of the Rocky 
Mountains to a thousand feet or less, within a distance of several 
hundred miles eastward (Fig. 5). The Great Plains are affected 
relatively little by erosion. 

Plains of great extent may be formed by emergence of a mar- 
ginal sea bottom, without notable folding, faulting, or warping, 
either by uplift of the land, or by withdrawal of the sea, or by 
both. Wonderful examples are the Atlantic and Gulf Coastal 
Plains of the United States (Fig. 6). During the uplift, which was 
the prime factor in their production, these plains were tilted sea- 
ward. They have been dissected considerably by erosion, though 
many wide, smooth areas remain. 
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Wide plains which result from long-continued erosion of land 
are called peneplains (p. 184). Many extensive peneplains are 
known to have developed during geological time, but good ex- 
amples are rare at present because nearly all of those of fairly 
recent origin have been rejuvenated by uplift. Good examples of 
such upraised peneplains are those of the Appalachian and 
southern New England districts. Such uplifted peneplains are 
best classed among plateaus. 

Glacial drift surfaces are often smooth enough for considerable 
distances to be called plains. A fine illustration is the broad, flat 
deposit left by the last ice sheet from central to northern Iowa. 

Many relatively small plains are floors of extinct lakes which 
were built up and smoothed off either by deposition of sediment, 
or by mineral matter from solution. An exceptionally fine, large- 
scale example is the floor of the great glacial Lake Agassiz (p. 381). 

Rivers form flood plains by deposition and lateral erosion 
(p. 160), and delta plains by deposition. 

Plains may be modified by erosion, diastrophism, vulcanism, 
or deposition of material. High, or steeply inclined, plains can 
be affected very profoundly by erosion. High plains, like moun- 
tains and plateaus, reach maximum ruggedness of rehef during 
the mature stages of their erosional history. Low plains, by their 
very position, can be affected but little by erosion. It is an 
interesting fact that an extensive low-lying plain may last much 
longer without notable change than a great mountain range. 
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ORIGIN AND HISTORY OF LAKES 

Geneeal Features 

A lake is an inland body of standing water. Either its water 
may be stationary, or it may have a moderate current through it. 
Lakes always occur where the surface drainage is obstructed. Two 
necessary conditions are basinlike depressions, and sufficient 
water to at least partly fill them. Lakes may consist of either 
fresh or salt water. Fresh-water lakes always have outlets. Some 
lakes are rather inappropriately called seas,’’ as for example 
the Dead Sea of Palestine. 

Lakes vary in size from tiny ponds to sheets of water covering 
many thousands of square miles, though probably not more than 
a dozen in the world occupy areas of over 10,000 square miles. 
Largest of all is the Caspian Sea with an area of 169,000 square 
miles. The second largest is Lake Superior, covering nearly 
31,000 square miles. Next in order of very great size are Lake 
Victoria-Nyanza in Africa (30,000), Aral Sea in Asia (26,900), 
Lake Huron (22,322), and Lake Michigan (21,729). 

Lakes are known to vary in depth from a few inches to a maxi- 
mum of 5618 feet in Lake Baikal of Siberia. The Caspian Sea 
has a depth of at least 3200 feet. Crater Lake, Oregon, with a 
depth of nearly 2000 feet, is probably the deepest lake in North 
America. The depth of Lake Superior is 1008 feet. Relatively 
very few lakes are over 1000 feet deep, and the vast majority of 
them are less than 100 feet deep. 

Most lakes by far lie above sea level at all altitudes up to many 
thousands of feet. A remarkable case is Lake Titicaca (area, 
3200 square miles) in South America at an altitude of 12,875 feet. 
The highest large lake in the United States is Yellowstone Lake 
at 7741 feet. Lake Tahoe on the Califomia-Nevada hne hes at 
6225 feet. 

The surfaces of some large lakes lie below sea level, examples 
being the Dead Sea of Palestine (—1300 feet), the Caspian Sea 
(-85 feet), and the Salton Sea of Cahfornia (—249 feet). 
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The bottoms of a number of large lakes are well below sea 
level, a few examples being Lake Baikal (-4000 feet or more), 
Lake Ontario (-491 feet), Lake Chelan in Washington (—421 
feet), and Lake Superior (-402 feet). 

Most lakes in hiimid regions have surface outlets, that is, there 
is usually sufficient water to cause them to overflow the lowest 
parts of their basins rims. Such lakes consist of fresh water. In 
arid regions lakes usually do not have outlets, both because of 
the scanty volume of water, and the high rate of evaporation. 
Many depressions in arid regions contain no water at all, while 
others, called playas, hold water only temporarily, that is for 
greater or less periods after rains. Arid-region lakes with no 
outlets almost invariably contain salt (or alkaline) water. 

As compared to the many millions of years of the known 
history of the earth, lakes, excepting possibly the largest and 
deepest ones, are short-hved, most of them exceedingly so. This 
is because they are merely temporary obstructions to drainage, 
and are soon destroyed by one or more of several processes as 
explained beyond in this chapter. 

Geological Functions of Lakes 

Some of the most important geological functions of lakes are 
the following: (1) Most of the sediments carried into lakes by 
streams or other agencies, settle on their floors. Lakes with no 
outlets act as perfect settling basins, but even where there are 
outlets, a great many lakes are effective settling basins. Thus 
the mighty Niagara River, which drains the four upper Great 
Lakes, is remarkably clear as it leaves Lake Erie. In other words, 
practically none of the sediment carried into the four upper lakes 
leaves them. A remarkable case is Lake Geneva in Switzerland 
which receives the very muddy Rhone River, and which discharges 
through a wonderfully clear stream. A very large amount of 
material accumulates in the lakes of the world each year, but it is 
much less than the quantity which is deposited on the sea floor. 
The filtering action of lakes causes the outlet streams to be less 
effective agents of erosion because, on leaving the lakes, they are 
lacking in grinding tools (sediments). 

(2) Lakes act as storage reservoirs for surface drainage, and 
so they tend to regulate the volumes of streams which flow out of 
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them, furnishing a check upon destructive floods. The rate of 
erosion is thus affected because, as we have already learned, 
streams are usually most effective in their power to erode in times 
of flood. With slow-moving graded streams, there would be 
less tendency to develop wide flood plains, and, as a result of the 
setthng-basm effects of lakes, such streams would deposit less 
material upon their flood plains. 

(3) Larger lakes, or numerous smaller ones, tend to increase 
the rainfall, and also to keep the temperature of a region more 
uniform, making summers cooler and winters milder. This is well 
illustrated in the regions bordering Lakes Erie and Ontario on 
the south and southeast. Such climatic influences of lakes are 
of real importance because various geological processes, like 
weathering and erosion, are thereby affected. 

(4) Plants, or shell-bearing animals, or both, are abundant 
in many lakes. Their shells, skeletons, or partly decayed remnants 
accumulate in the lake basins, thus helping to fill them. Such 
materials, found in fossil form in old lake deposits, often yield 
valuable evidence as to the nature of certain phases of the life 
of the geological times, as far back as millions of years ago, when 
the particular lakes existed. 

(5) Considerable work of erosion is accomphshed by waves 
cutting into parts of the shores of many lakes, the materials 
eroded being spread over the floors of the bsisins. 

(6) When lakes with no outlets evaporate in arid regions, the 
various salts held in solution are deposited in layers or beds over 
the sites of the lakes. There are many examples of such deposits 
in the arid region of the western United States. 

Origin of Lake Basins 

Lake basins originate in many ways Our present purpose is to 
explain most of the more common, important, and interesting 
modes of origin of lake basins, and to describe briefly some 
illustrative examples. 

Basins Formed by Diastrophism. — By faulting. When a 
block of the earth^s crust sinks or rises relative to an adjacent 
block through the process of faulting, a troughhke basin often 
results. There are many examples in the Great Basin region of 
the western United States. A small basin, now partly filled with 
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water, formed in 1872 as a result of a sudden renewed movement 
of 20 to 30 feet along a fault near the base of the Sierra Nevada 
Range in the Owens Valley of southeastern California. AJbert and 



Fig 319 ® 

Structure section illustrating the origin of lake basins by faulting, Albert 
and Warner Lakes, Oregon (After Russell, U. S. Geological Survey ) 


Warner Lakes of southern Oregon are very typical cases of lakes 
in basins between tilted fault blocks (Fig. 319). 

Great Salt Lake (Fig. 320) occupies the lowest portion of the 
surface of a vast block of earth which has been depressed thousands 
of feet by faulting relative to the adjacent Wasatch Range of 
Utah. This remarkable 
lake is described be- 
yond under the caption 
“ Salt Lakes.” 

In other cases, a 
block of earth bounded 
by two normal faults 
may have been de- 
pressed notably be- 
tween two adjacent 
land masses, giving rise 
to a trough-fault basin. 

An excellent case in 
point is the basin in the 
bottom of which lies 
Lake Tahoe on the Cal- 
ifornia-Nevada line 
(Fig. 321). The earth block settled several thousand feet to form 
the basin. The lake is 22 miles long, and 12 miles wide. Its 
surface lies 6225 feet above sea level. It has a depth of at least 
1645 feet, making it one of the few deepest lakes in North 
America. Its water is remarkably clear and fresh, with an outlet 
through Truckee River. 

A stiU more remarkable example of a trough-fault basin con- 
taining a large lake is the Jordan Valley of Palestine with the 
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Dead Sea in its lowest portion. The Jordan Valley was formed by 
the settling of a very long, narrow block of earth thousands of 
feet between two normal faults. Much of it, including the lake, 
lies well below sea level. The Dead Sea is described beyond under 
the caption Salt Lakes.^' 

Lake basins sometimes come into existence by shifting or 
settling of earth blocks during earthquake disturbances. Mention 
has already been made of such a lake in the Owens Valley of Cali- 
fornia. During the violent earthquake of 1811-1812 in the New 



Fig. 321 

A view across Lake Tahoe from the Nevada side to California (Photo by 
courtesy of Tavern Studio, Tahoe, California) 


Madrid, Missouri region, a number of lake basins were formed, 
the largest being occupied by ReeKoot Lake, Tennessee. 

By warping. Warping of the earth's crust through differential 
movement also has caused the development of lake basins. Part 
of a river valley may be sufficiently upwarped to act as a dam, 
causing ponding of the water. Among examples ascribed to such 
a cause are the basin of Lake Geneva in Switzerland, and of Lake 
Temiskaming in Ontario, Canada. An exceptionally fine, large- 
scale example caused by warping of a wide area is the great 
Caspian Sea described beyond under the caption ** Salt Lakes.” 
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Among other large lake basins, which at least in part owe their 
existence to warping, are those of the Great Lakes described be- 
yond. 

By sivvple When a portion of the sea bottom is raised 

into land, without faulting or notable warping, there often are 
shallow, irregular, basinlike depressions filled with water. The 
water is at first salty, but, in humid climates, it soon gives way 



Fig, 322 

A view across Crater Lake, Oregon, showing Wizard Island — a recent cinder 
cone. (Photo by courtesy of the Southern Pacific Lanes.) 


to fresh water. A number of the lakes of the southern half of 
Florida, and of the plains of Siberia, are believed to be of this 
origin. Such lakes are very short-lived, because of their shallow- 
ness. 

Basins Formed by Vulcanism. — Crater lakes, Numerous 
lake basins are direct results of volcanic activity. Many of them 
are simply craters of inactive volcanoes more or less ^ed with 
water. Sometimes there are groups of such crater lakes, as in the 
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Auvergne district of France, the Eifel region of Germany, and the 
vicimty of Rome, Italy. These are all small, but beautiful, 
lakes. 

Many crater lakes also occur in large and small craters of 
volcanoes in the western United States. Most remarkable of all 
is Crater Lake in the Cascade Mountains of southern Oregon 
(Fig. 322). It partly fills a vast hole (caldera), six miles in diam- 
eter, which resulted from the collapse and subsidence of the upper 
portion of a once much higher volcanic cone. The lake is nearly 
2000 feet deep, being probably the deepest in North America. 
Its surface lies nearly 6200 feet above the sea. Great precipitous 
walls of rock completely encircle the lake. It has no surface 
outlet, and yet its water is fresh, probably in part because some 
of its water may leave by underground passages, and in part 
because no stream flows into it. The water supply is maintained 
by rainfall and snowfall. 

The vast crater pit formed by the terrific explosions of Katmai 
Volcano, Alaska, in June, 1912, contains a lake of warm water 
about a mile in diameter. 

Lava-dam lakes- Streams of molten lava may flow across 
valleys and there cool to form natural dams, causing the valley 
waters to be ponded. Thus a great flow of lava from Skaptar 
JdkuU, Iceland, in 1783, blocked a large river and a number of 
its tributaries, with resultant development of lakes. 

The famous Sea of Galilee in Palestine was formed by a stream 
of lava which, in very recent geological time, flowed into and 
across the Jordan Valley, causing the River Jordan to be ponded 
nearly 700 feet below sea level. The water is fresh because the 
river flows through the lake. 

A number of lava-dam lakes occur in the Sierra Nevada and 
Cascade Mountains of the western United States. An interesting 
example is Snag Lake in Lassen Volcanic Park, California, whose 
water level is held up by the very recent flow of lava already de- 
scribed (p. 314) as partly filling a valley. 

Basins Formed by Glacial Action. — By morainic dams- Lake 
basins formed by various processes of glaciation are more abundant 
than those formed in any other way. Of these, the most numerous 
by far have resulted from the deposition of glacial d4bris (mo- 
raines) in such manner as to obstruct the drainage of vaUeys. 
Many of the 8000 or more lakes in Minnesota, of the thousands in 
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Wisconsin, and of the thousands in New York and New England 
belong in this category. 

The most common types of morainic dam lakes are finely 
illustrated in the Adirondack Mountains of northern New York 
(Fig. 323). Thus the well-known Lake Placid, Saranac Lakes, 
and Long Lake have their waters ponded by single dams of 
morainic materials across valleys. They all lie between 1500 
and 1900 feet above sea level. The Fulton Chain of eight lakes 
in the Adirondacks illustrates a series of lakes which occupy 
basms formed by a succession of morainic dams across a vaUey. 



Fig 323 

A lake formed by blockading a valley with a morainic dam Blue Mountain 
Lake, New York (Photo by the author.) 


Lake George in the southeastern Adirondacks is a fine example of 
a large, long, narrow body of water maintained by two morainic 
dams across a valley, one at each end of the lake. It is 30 miles 
long, from one to two and one-half nules wide, and lies in a deep, 
narrow mountain valley. 

Lake Chelan in the Cascade Mountains of Washington is, in 
regard to length, depth, narrowness, and scemc setting, probably 
the most remarkable mountain lake of the United States (Fig. 
324). It is 60 miles long, less than two miles wide, about 1500 
feet deep, and set in a winding mountain canyon several thousand 
feet deep. First a river carved out most of the canyon. Then 
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great floods of lava dammed its lower end, forming a lake. Finally 
a great valley glacier plowed through the basin, deepening it, and 
leaving a heavy morainic accumulation across its lower end, thus 
still further bmlding up the dam. The present lake water is, 
therefore, held in place by a combination lava dam and glacial 
morainic dam. 



Fig. 324 

A view of part of Lake Chelan, Washington, which is in part a lava-dam lake 
and m part a moraine-dam lake (Photo by courtesy of the TJ S. Reclama- 
tion Service ) 

The three famous lakes of northern Italy — Como, Garda, and 
Maggiore — occupy deep, narrow, steep-sided mountain valleys 
on the southern slope of the Alps. A big glacier flowed down each 
of these valleys during the Ice Age, and spread out part way upon 
the Italian plain. Great terminal moraines were formed around 
the ends of the glacial lobes, and, since the melting of the ice, the 
moraines have acted as dams across the ends of the mountain 
vaUeys, ponding the waters far back in them. Each of these lakes 
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is over 1000 feet deep. Similar to these Italian lakes in general 
character, though not so large and deep, but like them in origin, 
are a number of long, narrow lakes of Glacier Park, Montana. 

By ice dams. Glaciers may blockade valleys, and thus cause 
ponding of waters. Lakes of this kind occur in Greenland, Alaska, 
and the Alps. An example is a small lake formed where the Great 
Aletsch Glacier in the 
Alps slowly flows past 
the mouth of a tribu- 
tary valley, causing a 
ponding of water m the 
latter. A great glacier 
flows into the Copper 
River of Alaska, pond- 
ing the water there. 

Existing ice-dam 
lakes are not common, 
and few, if any of them, 
are large. During the 
Ice Age, however, thou- 
sands of them formed 
and lasted only as long 
as the ice dams existed. 

Some of them were of vast extent, vaster in fact than any ex- 
isting lakes, with the possible exception of the Caspian Sea. A 
few large-scale examples will be briefly described. 

When the great ice sheet was retreating from northern New 
York, waters hundreds of feet deep and many miles long were 
ponded in the Mohawk Valley between the great walls of ice — 
one in the eastern, and the other in the western, part of the vaUey. 
The lake waters lowered as the ice retreated, and they finally 
drained away completely. 

One of the largest of all known ice-dam lakes has been named 
Lake Agassiz. It occupied the Red River Valley region of Mani- 
toba (including Lake Winnipeg), North Dakota, and Minnesota. 
It attained a maximum length of about 700 miles, and a width 
of over 200 miles, when it covered 110,000 square miles, or con- 
siderably more territory than all of the Great Lakes. The lake 
formed because the northward drainage into Hudson Bay was 
blocked by the front of the retreating ice sheet during a late stage 



Fig 325 

A small morame-dam lake in the Adirondack 
Mountains of New York. (Photo by the 
author.) 
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of the Ice Age. The outlet of this vast lake was southward into 
the Mississippi. 

The Great Lakes constitute the most remarkable chain of big 
lakes in the world. They cover about 95,000 square miles. Their 
history is too complicated and eventful to be more than suggested 
in a very brief account. They did not exist before the Ice Age. 
Their basins are the results mainly of extensive deposition of 
morainic materials on their southern sides, and notable down- 



Fig 326 

A three^lakes stage of the history of the Great Lakes during the retreat of 
the great ice sheet (After Taylor and Leverett ) 


tilting of the land toward the north, during the Ice Age. The 
broad valleys which formerly occupied the sites of the various 
basins were also more or less deepened by glacial erosion. Our 
present interest is, however, a very brief consideration of the 
wonderful systems of ice-dam lakes which developed during the 
retreat of the great glacier from the Great Lakes basins. When 
the front of the ice sheet withdrew far enough northward to free 
the southern end of the Michigan basin, and the western end of 
the Erie basin, small glacial lakes developed against the ice walls 
in those basins. The first-named drained southwest ward through 
the Illinois River, and the other southwestward through the 
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Wabash River — both into the Mississippi. These lakes enlarged 
as the ice retreated somewhat farther, and the eastern one drained 
across Michigan into the western one which, in turn, drained 
through the lUinois-Mississippi Rivers. At a later stage, when 
fully half of the Great Lakes basins was freed from the glacier, 
three large, independent lakes lay against the ice wall (Fig. 326). 
One of these (Lake Duluth) filled the western half of the Superior 
basin, with outlet through the St. Croix-Mississippi Rivers. 



Fig. 327 

The Algonquin-Iroquois stage of the Great Lakes history. (After Taylor.) 

Another filled most of the Michigan basin, with outlet through 
the lUinois-Mississippi Rivers. The third lake occupied the 
Erie basin and the southern end of the Huron basin, with outlet 
eastward through the Mohawk-Hudson Valleys of New York. 
During a still later (Algonquin-Iroquois) stage, the Great Lakes 
assumed nearly their present condition, though they were some- 
what larger, and they all drained through the Hudson-Mohawk 
Valleys of New York because the St. Lawrence Valley was stiU 
filled with the glacier (Fig. 327). Finally the ice disappieared from 
the St. Lawrence Valley, and soon the present-day conditions 
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obtained. Certain earth-crust movements accompanied the 
various changes mentioned, so that the Great Lakes basins are 



Fig 328 

A rock-basin glacial lake. Lake Ellen Wilson, 
Glacier Park, Montana. (Copyright photo 
by R E. Marble.) 


also in part of diastro- 
phic origin. 

By glacial erosion, 
A considerable number 
of glacial lake basins 
have been eroded or 
excavated by the direct 
action of flowing ice. 
Small rock-bosin lakes 
of this kind, usually not 
more than ponds, often 
occur in the bottoms of 
the cirque basins at the 
heads of valleys for- 
merly occupied by val- 
ley glaciers, because the 
excavating power of 
such glaciers was there 
especially effective. 
Less often, rock basins 
have been excavated by 
glaciers farther down 
their valleys. Valley- 
glacier, rock-basin lakes 
are numerous in parts 
of the Sierra Nevada, 
Cascade, and Rocky 
Mountains (Fig. 328), 
and also in the high 


mountains of Europe. 

Other rock basins, including some large ones, were produced 
by the erosive action of the great ice sheets during the Ice Age. 
Some of the numerous lake basins of Ontario, Canada, quite 
certainly belong in this category. Ice erosion was especially 
effective in that region, while glacial deposition predominated 
from the Great Lakes southward. A large lake recently assigned 
to this class of rock-basin lakes is Lake Athabaska (area, 2800 
square miles) in central-western Canada. 
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Many glacial lake basins owe their existence to a combination 
of erosion and deposition. The Great Lakes basins have already 
been mentioned as belonging in this category. Ajnong many 
others are the Finger Lakes which form a remarkable group in 
central-western New York 

By irregular deposition of glacial drift Many ponds and small 
lakes occupy depressions which have resulted from irregular 
deposition of glacial d4bris (drift). Such basins are merely 
depressions in the surface of the drift. They are common in 
the upper Mississippi Valley, New York, and New England, 
especially in association with the many recessional moraines. 
They differ from typical moraimc dam basins not only in 
that they are completely surrounded by drift, but also in that 
they very commonly developed on flat, or only slightly hilly, 
land. 

Ponds and small lakes may occupy depressions formed by the 
melting of large, isolated blocks of ice which have become buried 
under sediments. Masses of ice detached from a glacier may have 
been covered by morainic material left by the ice; or such masses 
may have been buried imder material washed from the glacier (as 
in valley trains and outwash plains), or icebergs stranded in 
glacial lakes may have been buried under sediments carried into 
the lakes by streams. Ponds and lakes in such depressions are 
called pit or kettle lakes. They are most strikingly shown on other- 
wise nearly level, loose, extensive deposits which mark the sites 
of former glacial lakes. When such a surface is characterized by 
many kettle holes, some with and some without water, it is called 
a pitted plain. 

Basins Formed by Stream Action. — By flood plain development. 
We have already learned (p. 160) that graded and nearly graded 
rivers tend to wander in meandering loops over their flood plains, 
and that the necks of such loops are often cut across, leaving 
oxbow lakes like those so wonderfully exhibited on the flood plain 
of the lower Mississippi River. 

Shallow basins often result from uneven deposition of the flood 
plain sediments, especially in the spaces between the natural 
levees of the main streams and their tributanes. 

By delta growth. As a result of uneven deposition of sediment 
by the network of distributaries on a delta, certain shallow basins 
are completely surrounded by the deposits, and thus converted 
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into so-called delta lakes, A fine large-scale example is Lake 
Pontchartrain in Louisiana. 

By alluvial cones. An alluvial cone or fan formed by a tribu- 
tary stream may be built far enough out into its main stream (or 
valley) to obstruct the drainage of the latter, causing a ponding 
of the water. A good case in point is Lake Pepin which lies be- 
tween Minnesota and Wisconsin. Much sediment carried by the 
Chippewa River into the Mississippi has there caused a ponding 
of the latter. Another good illustration is Tulare Lake in the 
Great Valley of California where the swift King’s River, emerging 
from the high Sierra Nevada Range, has built an extensive allu- 
vial fan into the Great Valley, obstructing its drainage. 

By raft blockades. Mention has already been made (p. 196) 
of stream obstruction and deflection caused by so-called rafts or 
jams of trees and logs formed in rivers. The growth of such a 
raft upstream for many miles in the Red River of Louisiana so 
obstructed its tributaries as to develop a remarkable series of 
small and large lakes along them. 

By waterfall erosion. Small lakes are sometimes found in 
abandoned stream courses, particularly where waterfalls have 
excavated so-called plunge basins ” at their bases. Fine ex- 
amples of plunge-basin lakes are Jamesville Lake near Syracuse, 
New York, and near Coulee City, Washington, where large rivers 
once flowed. 

Basins Formed in Other Ways. — Brief mention will be made 
of some of the other modes of origin of lake basins, with examples. 

By waves and shore currents. When the mouths of embayments 
of either sea or lakes are closed by the growth of bars or barriers 
through the action of either shore currents or waves, or both to- 
gether (see pages 289, 290), lakes result. Many examples occur 
along the Atlantic Coast from Long Island southward, and also 
around the borders of the Great Lakes 

By wind. Wind action often piles the materials of bars and 
barriers higher, thus causing them to be more effective dams 
where they close embayments of sea or lakes, Wmd-blown sand 
may block streams locally, causing ponding of their waters. This 
has often happened along the southwestern coast of France. 
Depressions in sand dune areas sometimes contam water. Wind 
erosion may, under exceptional conditions, excavate basins in 
soft rock materials, as in parts of Argentina. 
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By solution. When sink holes (p 344) are suflBciently ob- 
structed by rock debris at their bottoms they may contain ponds 
or small lakes. Good examples occur in the northern half of 
Florida, and in Kentucky. 

By landslides. Lakes are sometimes lormed where landslides 
obstruct the drainage m valleys and canyons, particularly in 
regions of high relief. A good example is in the Kem River 
Canyon of the southern Sierra Nevada Mountains. In 1892 a 
great landslide blockaded the upper Ganges River in India, 
causing a lake five miles long and hundreds of feet deep. The 
lake disappeared in about two years by a giving way of the dam. 


Salt Lakes 

Origin of Salt Lakes. — Salt lakes are far less common than 
fresh lakes. They never have outlets. They almost invariably 
exist in arid regions, particularly in tnterior drainage regions, 
like the Great Basin area of the western Umted States, from which 
no streams flow into the sea. In such regions the intake (precip- 
itation and inflow) is often not suflS.cient to cause the lakes to 
overflow the lowest points of their basins to form outlets. With 
increase in dryness of climate, a fresh lake may, therefore, become 
a salt lake because the outlet is sooner or later abandoned, and 
mineral matter, carried in by streams, steadily accumulates in the 
water. Great Salt Lake, Utah, is one of the best-known examples 
belonging in this category. A salt lake may, under certain con- 
ditions, become a fresh lake. Thus Lake Champlain, which became 
detached from the Gulf of St. Lawrence by uplift of the land, was 
a salt lake at first, but the salt has since been rinsed out through 
the outlet stream. Such a body of water, which was once con- 
nected with the sea, is called a relic lake. 

Salt lakes may, in short, be formed in two ways, namely, (1) by 
accumulation of saline matter in lakes with no outlets, and (2) by 
cutting off arms of the sea either by diastrophism, or by deposition 
of sediment, particularly in the form of a delta. Examples 
illustrating these principles will now be briefly described. 

Examples of Salt Lakes. — Great Salt Lake, Utah, is a fine 
example of a salt lake not only whose saline matter has accumu- 
lated by concentration through excessive evaporation, but also 
whose ancestor was a fresh lake. As already mentioned, it occupies 
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the lowest portion of the surface of a vast down-sunken fault block 
in the Great Basin region (Fig. 320). It covers nearly 2000 square 

miles, and its surface 
lies 4200 feet above 
sea level. It is re- 
markably shallow, the 
greatest depth being 
only about 40 feet. 
It is nearly five times 
as salty as the ocean, 
that is, it carries about 
eighteen per cent of 
salme matter in solu- 
tion. It contains sev- 
eral biUions of tons of 
common table salt, 
and hundreds of mil- 
lions of tons of salts 
of soda, magnesia, 
potash, lime, etc. Very 
briefly stated, the his- 
tory of the lake is as 
follows: when the 
climate was moister, 
the vast basin, now 
only partly occupied 
by the lake, was filled 
to overflowing with 
freshwater (Fig. 329). 
This great lake, called 
Lake Bonneville, was 
about two-thirds the 
^ size of Lake Superior, 

pjg 329 outlet was 

Map of Great Salt Lake and its vast fresh-water ^orthward into the 
ancestor, called Lake Bonneville (shaded). bnake-Columbia Riv- 
(After U. S. Geological Survey ) ers. Lake Bonneville 

had a maximum depth 
of over 1000 feet. As the climate became drier, evaporation ex- 
ceeded intake, and the outlet was abandoned. The water level 
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fell, though not uniformly, and the lake became more and 
more salty by concentration of saline matter earned in by 
streams. Great Salt Lake is but a shrunken remnant of its 
vast ancestor. Many 
shoreline features, 
such as bars, beaches, 
deltas, and wave-cut 
cliffs, marking various 
levels of the lowering 
waters of Lake Bonne- 
ville, are wonderfully 
preserved around the 
sides of the basin 
(Fig. 330). 

The great Caspian 
Sea is a fine example 
of a large arm of the 
sea cut off by uplift of 
land. It is hundreds of miles long, and it covers an area larger 
than the state of California. It hes 85 feet below sea level, and 
its greatest depth is over 3000 feet. Both the composition of the 
salts in solution, and the nature of the animal hfe in its water, 

point to its former con- 
nection with the ocean. 
The Caspian Sea for- 
merly connected with 
the Black and Mediter- 
ranean Seas across 
southern Russia, and it 
was cut off by a broad, 
gentle upwarp of the 
land there. A remark- 
able fact is that this vast 
body of water with no 
outlet now contains less 
salt (less than one per 
cent) than when it was 
connected with the ocean. This is owing to the fact that water 
from the Caspian Sea steadily flows through narrow openings into 
embayments along its sides, particularly the Gulf of Kara, 



Fig 331 

Saline deposits at the western end of Baldwin 
Lake, San Bernardino Mountains, California. 
(Photo by the author.) 



Fig. 330 

High-level shorelines of Lake Bonneville, Utah. 
(After Gilbert, U. S. Geological Survey.) 
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situated where the climate is arid. Great evaporation of the 
water in the embayments causes the influx of water from the 
great lake into them. The water of the embayments evaporates, 
but the salt remains, and even accumulates in beds. Thus the 
original salt of the Caspian Sea is slowly being removed, and the 
large quantities of mineral matter brought in yearly by the rivers 
on the north are not enough to increase the salinity of the lake. 

A remarkable case of a large basin cut off from the sea by the 
growth of a delta is the Imperial Valley — Salton Sink region, 
containing the Salton Sea in southern California. The Gulf of 
California once extended about 150 miles farther north. The 
Colorado River gradually built a great delta completely across 
the Gulf, thus beheading its northern portion. The beheaded 
portion was a large lake (area, about 2000 square miles) for a 
while, but its water slowly evaporated and concentrated, finally 
leaving only a desert basin mostly below sea level with salt beds 
in its lowest portion. Between 1904 and 1907, as a result of an 
accident to the headgate of a great irrigation canal, much of the 
Colorado River flowed into the basin, and formed the Salton Sea, 
covering 450 square miles, in its lowest portion. Since 1907 the 
body of water has diminished in size considerably by evaporation. 
It now contains approximately one per cent of salts in solution. 

The Dead Sea of Palestine lies in the lowest portion of the 
Jordan Valley which was formed by the sinking of a long, narrow 
block of the earth^s crust between two nearly vertical, parallel 
faults. It covers an area of about 500 square miles; its greatest 
depth is about 1300 feet; and its surface lies about 1300 feet 
below sea level, making it the lowest lake in the world. Approxi- 
mately 24 per cent of salts, chiefly chloride of magnesia and 
common salt, are in solution in its water. The Dead Sea is but a 
remnant of a once much larger (fresh-water) lake which had an 
outlet to the south. As the climate became drier, excessive 
evaporation caused the water level to lower more than a thousand 
feet, that is to the present level of the Dead Sea. The salts in 
solution have been concentrated from the fresh water brought in 
by the streams, especially by the Jordan River. 

Among other interesting salt lakes, mention may be made of 
Mono Lake, California, over 6000 feet above the sea, and rich in 
soda and salt; Owen's Lake, Cahfomia, nearly 4000 feet above the 
sea, and very rich in soda; Aral Sea, Siberia, a very large lake 
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(area, nearly 27,000 square miles) only a little above sea level, 
and only slightly salty; Lake Van, Armenia, which contains 
33 per cent of salts in solution; and Assal Lake in eastern Africa, 
the surface of whose salt water lies 600 feet below sea level. 


Lake Erosion and Deposition 

Sea and Lake Erosion and Deposition Compared. — Lake 
erosion is, in almost every way, like sea erosion, except that the 
effects produced in lakes are usually less conspicuous because they 
are smaller, and the waves and imdertow, which do nearly all of 
the erosive work, are less powerful. In large lakes, however, the 
resulting features of lake erosion, such as wave-cut terraces, cliffs, 
caves, coves, stacks, and arches, are practically identical with 
similar features produced by sea erosion (see pages 282-285). 

Deposition in lakes is, in many respects, also like deposition 
in the sea. Thus beaches, barriers, bars, deltas, and wave-built 
terraces are essentially the same whether formed in sea or lakes. 
These have all been considered under the caption ^'Marine 
Deposits ” in Chapter X. There are, however, no deposits in 
lakes really comparable to deep-sea deposits, with the possible 
exception of some accumulations of shells of certain tiny plants 
(diatoms). More or less land-derived sediments carried in by 
streams accumulate over the entire floors of most lakes. Delta- 
growth in lakes is particularly strong both because of absence 
of very appreciable tides, and the usual lack (except in some very 
large lakes) of very powerful wave and undertow action. 

Cycles of shoreline development are also essentially the same 
for lakes as for the sea (see page 293). 

A deposit rather characteristic of some fresh lakes is marl 
which is a light gray mixture of carbonate of Hme (often in the 
form of shells) and clay. It is often in beds 5 to 20 feet thick. 

More or less decaying vegetable matter accumulates in many 
lakes and swamps in humid-climate regions. Such material often 
forms rather extensive beds of so-called peat. 

Chemical Deposits in Lakes. — Chemical deposits (various 
salts) are seldom of importance in fresh lakes. In certain fresh 
lakes fed by streams rich in dissolved carbonate of iron, the soluble 
material may, on entering the lakes, become oxidized to the 
insoluble Umonite and be deposited on the lake floor. In some 
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lakes of Sweden there is enough limonite of such origin to be of 
commercial value as an ore of iron. Carbonate of iron may, 
under exceptional conditions, precipitate in fresh lakes 

The chemical precipitates of lakes are, of all lake deposits, 
probably the most interesting, characteristic, and important. 
When, through evaporation, a salt lake shrinks, the minerals in 
solution become more and more concentrated until deposition of 
certain of them begins. With continued evaporation to dryness, 
aU minerals in solution are deposited. Some of the most abundant 
of many minerals contained in the waters of salt lakes are common 
salt (halite), sulphate of lime (gypsum), sulphate of soda (Glauber 
Salt), sulphate of magnesia (Epsom Salt), chloride of magnesia, 
and carbonate of hme (calcite). 

The kinds and relative amounts of substances in solution de- 
pend largely upon the nature of the rocks surrounding the lake 
basins because (except in certain relic lakes) they are washed out 
of those rocks, and carried into the lakes by streams. Thus 
Great Salt Lake is very rich in common salt because the sur- 
rounding rocks are mainly strata of marine origin containing 
original sea salt. Mono Lake, California, is rich in carbonate of 
lime and soda because the surrounding rocks are mainly igneous 
which, on weathering, yield carbonates. 

During the dessication of a salt lake, dissolved substances are 
deposited in the order of their insolubility. Thus if four substances, 
carbonate of lime, sulphate of lime, common salt, and chloride 
of magnesia, are in solution, they will precipitate in the order 
given, the last-named remaining in solution the longest because 
it is very highly soluble. The entry of flood waters during a rainy 
season, or a series of rainy seasons, may dilute the water enough to 
check precipitation of mineral matter from solution, and land- 
derived sediment will accumulate on the lake floor instead. It is, 
therefore, readily seen why alternating layers of clay or sand and 
one or more salts are often found in old lake deposits. Extensive 
deposits of soda and borax mark the sites of some former lakes, as 
in parts of Death Valley, and in other basins of southeastern 
CaHfomia. Carbonate of lime is now accumulating in Great Salt 
Lake, and lime deposits of curious shapes and large volume occur 
in Pyramid Lake, Nevada, and in Mono Lake, Cahfornia. The 
extensive salt fields just west of Great Salt Lake were left by the 
retreating waters of the lake. 
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Destruction op Lakes 

By Filling with Sediments. — This is one of the most important 
methods of lake destruction. Some one has said that rivers are 
the mortal enemies of lakes.” All surface waters, especially 
streams, flowing into lakes carry more or less sediment with them. 
Most of the sediment accumulates on the floors of the lakes 
because the latter are such excellent settling basins as already 
explained (Figs. 332, 

333, and 334). Lake 
basins may, by this 
process alone, be com- 
pletely filled, and the 
lakes destroyed. 

One of the most 
striking features of the 
sediment-filling process 
is delta-growth of the 
coarser material at the 
mouths of the tributary 
streams. As the deltas 
build out, the lake 
waters are of course 
displaced. A few ex- 
amples may be mentioned. Streams entering the heads of both 
Seneca and Cayuga Lakes in central-western New York have built 
delta plains into each about three miles long, and one mile wide. 
The Rhone River has built a delta 20 miles long into Lake Geneva, 
one mile of it during the last 1900 years. The city of Inter- 
laken, Switzerland, is built upon a broad delta which has cut in 
two and partly filled a large lake. Finer sediments are of course 
more or less distributed over the entire floors of lakes. 

Many lakes, particularly those of arid regions, receive more 
or less wind-blown sediment. In not a few cases extensive ac- 
cumulations of volcanic dust have formed in lakes. 

The materials eroded by waves along lake shores are mostly 
deposited in the lakes. Although such erosion enlarges the areas 
of lake basins, nevertheless their waters are, on the average, 
steadily made shallower because most of the material eroded and 
deposited comes from well above the lake levels. 


1 = 



Fig. 332 

A filled lake basin at an altitude of 9000 feet at 
Pandor, Colorado (Photo by the author.) 
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By Filling with Organic Remains* — In humid, temperate- 
climate regions, many small lakes have been, and are being, de- 
stroyed by accumulations of vegetable matter, shells, etc. Plants 
usually grow in great profusion in the shallow, border portions of 
lakes. As the plants die their remains accumulate to form bogs 
which, in many cases, have encroached from aU sides until lakes 
have l^en completely filled. Thousands of old lake bogs occur in 
New England, Wisconsin, and Minnesota. 

Certain plants and animals secrete shells of carbonate of lime, 
and others, hke single-celled diatoms, secrete shells of silica. 



Fig. 333 

Mountains almost buried under the sediments of former Lake BonneviUe, 
Utah, (After Gilbert, U. S. Geological Survey.) 


In many lakes these shells are deposited to such an extent as to 
appreciably aid in lake-filling. 

By Cutting Down Outlets. — The dams of many lakes, particu- 
larly those formed of glacial debris, often consist of such loose, 
incoherent materials that outlet streams readily cut down into 
them. By this process, a lake surface may be reduced steadily 
until the lowest level of the lake basin is reached, causing destruc- 
tion of the lake. Cutting down of outlets has been an important 
factor in the destruction of many lakes, especially of glacial lakes 
in regions Hke New England, New York, Wisconsin, and Minne- 
sota. Of course it should be borne in mind that cutting down of 



ORIGIN AND HISTORY OF LAKES 395 

outlets, filling with sediment, and filling with organic remains may 
proceed simultaneously. 

Where the dams consist of relatively hard rocks, cutting down 
of outlets proceeds very slowly because outlet streams are usually 
very clear water whose erosive power is slight. This is true even 
of large rivers hke Niagara and the St. Lawrence which have 
scarcely lowered the surfaces of the lakes they drain. 

By Removal of Ice Dams. — This principle is illustrated in 
certain regions of existing glaciers, as in the Alps, where a glacier, 



Fig. 334 

Glacial lake deposit forming a wide, flat-topped terrace in the upper Hudson 
Valley near Luzerne, New York. The river is now removing the deposit. 
(Photo by the author ) 

causing ponding of water by blockading a tributary valley, may 
shift position in such a manner as to allow escape of the water 
either under or alongside the ice. 

Many ice-dam lakes, including some of great size, were either 
completely, or largely destroyed by melting of their dams during 
the closing stages of the Ice Age. Thus bodies of water covering 
hundreds of square miles in the Black and Mohawk VaUe}^ of 
New York disappeared because of the removal of their great ice 
dams. The once vast Lake Agassiz (already described) was 
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destroyed in a similar manner, remnants only being left (e.g. Lake 
Winnipeg). 

By Evaporation. — This is a very important method of lake 
destruction in arid regions where evaporation may exceed intake. 
Many of the depressions in the Great Basin region which once 
contained lakes are now dry, or nearly so (eg. Death Valley). 
Others now contain only small remnants of once large bodies of 
water, as for example the great basin of Lake Lahontan in western 
Nevada with its Pyramid Lake. 

By Diastrophism. — Ponds and small lakes are sometimes 
drained through fissures which are formed during earthquake 
disturbances. Lakes, especially larger ones, may be partly or 
wholly destroyed by down-warpmg or down-faulting of their 
outlet areas, but actual examples seem to be rare. It has been 
recently advocated that the great postglacial lake which once lay 
in the Connecticut Valley of New England disappeared by down- 
warping of its outlet region. 

If the southern half of Florida should subside only 20 to 50 
feet, most of its numerous lakes would disappear because of 
flooding of the region by sea water. Submergences of this kind 
have of course been common during geological time, but it is not 
easy to point definitely to recent examples of lakes thus destroyed 
because the evidence is so hidden. Lakes near sea level along 
sinking coasts are of course doomed to extmction. 

Extinct Lakes 

We have just explained the most common ways by which 
lakes are destroyed, and cited some examples. Among the more 
important criteria by which the sites of former lakes may be 
recognized are the following: (1) If a lake basin has been com- 
pletely filled, and since then little affected by erosion, its site is 
marked by a flat consisting of characteristic lake deposits, prac- 
tically free from boulders (Figs. 332 and 334). Such deposits may 
be sediments, organic (bog) materials, or salt-lake mineral deposits. 

(2) Basins of larger ponds and lakes, which were not completely 
filled, very commonly show deposits of coarser sediments, usually 
in deltas and coalesced deltas, around their borders, and finer 
sediments, such as clays, farther out. The border deposits rise 
everywhere uniformly, unless subsequently affected by diastro- 
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phism, to about the former levels of the standing waters, while the 
finer sediments lie at various lower levels, depending upon the 
topography of the lake floors. 

(3) In contrast with stream deposits, lake sediments (es- 
pecially the finer materials) are usually much more uniform in 
character and structure over wide areas. 

(4) In addition to deltas, other shore features, such as wave- 
cut cliffs, beaches, spits, and bars, are often wonderfully preserved. 
This is particularly true in arid regions, as around the shores of 
former Lake Bonneville, Utah (Fig. 330), but they are also often 
well exhibited in humid regions, as around the shores of the once 
great Lake Agassiz. 

(5) Fossils often prove that deposits were formed in lakes 
because many forms of life in lake waters are characteristically 
different from those of sea water. 



CHAPTER XV 


ECONOMIC GEOLOGY 1 

GENEKAii Statement 

In this chapter it is our purpose to consider briefly geology 
in some of its direct relations to the arts and industries. When 
we realize that the value of strictly geological products taken from 
the earth each year in the United States alone amounts to billions 
of dollars, we can better appreciate the practical application of 
geological science. Such products include coal, petroleum, natural 
gas, many valuable metal-bearing minerals, and many non- 
metalliferous minerals and rocks. In most cases these valuable 
products of nature have been slowly accumulated or concentrated 
at many times and under widely varying conditions throughout 
the millions of years of known geological time. To trace the extent 
of, and most advantageously remove, such deposits for the use of 
man is often impossible unless geological knowledge is brought to 
bear. Much of the practical application of geology is carried out 
by the' mining engineer who should have, above all, a thorough 
knowledge of the great principles of geology. 

Our plan of discussion is to consider first coal, petroleum, and 
natural gas; then the most important metalliferous deposits or 
ores; and finally non-metalliferous m inerals and rocks of excep- 
tional conunercial importance. Certain useful minerals, and also 
undergroimd waters, already have been sufi&ciently discussed 
from the practical standpoint in Chapters II and XII. 


Coal, Petroleum:, and Natural Gas 

Coal. — Coal is the most valuable of aU geological products. 
Although coal is, strictly speaking, not a mineral, both because of 

^ Much of the material of this chapter is taken by permission from Chap- 
ter XXI of the present author's Geology The Science of the Earth's Crust " 
which forms volume 3 of Popular Science Library published by P. F. CoUier 
& Sou Company. 
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its organic origin and its lack of definite chemical composition, 
nevertheless it is generally classed among “ mineral resources/^ 
Coal is undoubtedly of organic (plant) origin, as shown by its 
composition; perfect gradations between plant deposits, like peat, 
and true coal; and the presence of microscopic plant remains in it. 
All coal represents plant material which was accumulated in beds 
analogous to our present-day peat bogs. After a great bed of 
vegetable matter accumulated it was covered by sedimentaiy 



Fig. 335 

Map showing the coal fields of the United States. 
(After U. S Geological Survey.) 


material, and thus buried in the earth^s crust. Then, through 
very slow processes of decomposition, alteration and pressure, 
the vegetable matter was changed to coal. Anthracite represents 
the greatest degree of change in the vegetable matter. 

The most perfect conditions for prolific plant growth and 
accumulation as great beds in the earth's crust were during the 
Pennsylvanian period of the late Paleozoic era in many parts of 
the world, but especially in the United States, China, Great Bri- 
tain, and Germany. Most of the world's great supply of coal by 
far comes from rocks of Pennsylvanian age; next in importance 
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are Cretaceous rocks; and some comes from strata of other ages 
later than the Pennsylvanian, even as late as the Tertiary. 

The United States not only has the greatest known coal fields, 
but also it produces far more coal than any other country. In 
1918 the production was 678,000,000 short tons, the greatest 
in the history of the country. In 1925 the production was 
585,000,000 tons. Is there real danger that our supply of coal 
wiU soon run out? Hardly so, when we consider, first, the fact 



Pig. 336 

An outcropping coal bed 13 feet thick, in Montana. (Photo by Campbell, 
U. S. Geological Survey ) 


that probably not more than one per cent of the readily available 
coal has thus far been removed, and, second, the high probability 
that the average rate of increase in coal production for the last 
twenty years will not continue. In the case of the very restricted 
anthracite coal fields, what might be called a crisis has already 
been reached, because a very considerable part of the available 
supply has been taken out. 

Approximately 350,000 square miles of the United States are 
underlain with one or more beds of workable coal (not including 
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lignite) — in some areas 5 to 20 or more beds one above the other 
There are also about 150,000 square miles of country underlair 
with the more or less imperfect coal called lignite. Map Figure 
335 shows the principal coal fields of the Uiuted States. 

The greatest production of coal by far is from the Appalachian 
Mountain district, extending from Pennsylvania to Alabama^ 
where nearly all the coal is bituminous of Pennsylvanian age, 
There, as well as elsewhere, the coal beds are interstratified with 
various kinds of sedimentary rocks, most commonly with shales 
and sandstones. In the Appalachian field the strata including 
coal beds are more or less folded toward the east, and they are 
nearly horizontal toward the west. 



Fig. 337 

Structure section more than 1000 feet deep showing folded anthracite 
beds of Pennsylvama. (After U. S. Geological Survey ) 


The greatest production of anthracite coal by far is from 
central-eastern Pennsylvania where strata of Pennsylvanian age, 
including a number of anthracite beds, are more or less highly 
folded (Fig. 337). Less than 500 square miles are there underlain 
by workable anthracite coal. 

Next to the greatest production of coal in the United States 
is from the two large areas in the middle of the Mississippi Valley 
(Fig. 335). It is all bituminous coal associated with nearly 
horizontal strata of Pennsylvanian age. 

The scattering areas through the Rocky Mountains 3deld aU 
types of coal — anthracite, bituminous, and lignite. In some of 
these areas the coal beds have been but little disturbed from theii 
original horizontal position, but usually they are more or less 
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folded along with the enclosing strata, the crustal disturbances 
affecting the coal beds having taken place late in the Mesozoic 
era and early in the Cenozoic era. Practically aU of these coals 
are of Cretaceous and Tertiary ages, the best being Cretaceous. 
Very little of the Eocky Mountain coal is anthracite. 



Fig. 338 

Nearly honzontal coal beds in Indiana, with outcrops mostly concealed by 
glacial drift (After G. H. Ashley ) 

On the Pacific Coast, coal production is relatively very small. 
The coals are there hituminous to lignitic of Tertiary age, usually 
folded in with the strata. 

In Alaska there are widely distributed, relatively small, coal 
fields, but they have been little developed. Alaskan coals range 
in age from Pennsylvanian to Tertiary, and in kind from anthracite 
to lignite. 



Fig 339 

Step-faulted coal beds in Scotland. (After J. C Branner.) 

Petroleum. — Crude oil or petroleum is an organic substance 
consisting of a mixture of hydrocarbons, that is, it is made up very 
largely of the two chemical elements carbon and hydrogen in 
rather complex and variable combinations. It is practically 
certain that petroleum has been derived by a sort of slow process 
of distillation from organic matter — fl.nima.1 or vegetable, or 
both — in stratified rocks within the earth. Many strata, as for 
example carbonaceous shales, are more or less charged with dark- 
colored, decomposing, organic matter. The chemical composition 
itself, the kinds of rocks with which it is associated, and certain 
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optical (microscopic) tests all point to the organic origin of petro- 
leum. In southern California certain of the oils have quite cer- 
tainly been derived from very tiny oily plants, called diatoms, 
which fill many of the strata. 

During the last twenty years petroleum has come to be one of 
the most important and useful natural products. Among the 
many substances artificially derived from petroleum are kerosene, 
gasoline, naptha, benzine, vaseline, and parafiSine. The United 



Fig. 340 

Map showing the principal oil-bearing regions of the United States. 
(After Geological Survey of Kansas) 


States greatly leads in the production of petroleum, while Mexico 
and southern Russia are important producers. Map Figure 340 
shows the chief oil fields of the United States, the principal areas 
xmderlain with petroleum-bearing strata being the northern 
Appalachian field (through western Pennsylvania to central West 
Virginia) ; the Ohio-Indiana field (central Indiana to northwestern 
Ohio); the mid-continental field (southeastern Kansas, north- 
eastern Oklahoma, and northeastern Texas); the southeastern 
Texas-Louisiana field; and the southern California field. The 
areas now known to be imderlain with oil total about 10,000 
square miles. 
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In the Appalachian, Ohio -Indiana, and mid-continental fields 
the strata carrying oil range in age from Ordovician to Pennsyl- 
^ vanian, and they are 

^ ^ ^ ^ mostly but little dis- 

- I turbed from their 

original horizontal 
position. The Texas- 
Louisiana oils come 
mainly from Cretace- 
ous and Tertiary 
strata with a gentle 
downtilt under the 
Coastal plain toward 
Kg 341 the Gulf. In Califor- 

Stmcture section illustrating a very common nia the oil-bearing 
mode of occurrence of oil (After U S. strata are of Terti- 
Geological Survey ) they 

have been generally much disturbed and folded. 

Under proper conditions below the earth's surface, the derived 
oil accumulates in porous or fractured rocks. There must of 



course be a source 
from which the petro- 
leum is derived or dis- 
tilled; a porous or 
fractured rock forma- 
tion to take it up; a 
cap-rock or impervi- 
ous layer to hold it in; 
and a proper geologic 
structure to favor ac- 
cumulation. The most 
common porous (con- 
taining) rock is sand- 
stone, and the most 



common cap-rock is 
shale. Oil is rarely 
found without gas, and 
saline water is hke- 


Fig 342 

Structure section illustratmg a common mode of 
occurrence of oil (After Geological Survey 
of Kansas.) 


wise often present. If the containing strata are horizontal, the 
oil and gas are usuaEy irregularly scattered, but if tilted or folded, 
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and the beds porous throughout, they appear to collect at the 
highest point possible. It was the result of observations along this 
line that led I. C. White to develop what is known as the ^ anti- 
clinal theory.' According to this theory, in folded areas the gas 
collects at the summit of the fold (anticline), with the oil im- 
mediately below, on either side, followed by the water (Fig. 341). 
It is of course necessary that the oil-bearing stratum shall be 

capped by a practically imper- — 

vious one. If the rocks are dry, 
then the chief points of accumu- 
lation of the oil will be at or near # 

the bottom of the syncline (down- 
fold) or lowest portion of the 
porous bed If the rocks are 
partially saturated with water, 
then the oil accumulates at the 
upper level of saturation. In a |iB 

tilted bed, which is locally por- 
ous (Fig. 342) , and not so through- |||B 
out, the oil, gas, and water may ||M|wW pB 
arrange themselves according to 

their gravity in this porous part ^^BB^|^B[|BB 
(H. Bies). 

Although the term ^ ^ oil-pool 

is commonly used, there is really IKflBBiiiBfll^^^^^Bl 
no actual pool or imderground 

lake of oil, but rather there is ^ 343 

porous rock saturated with oil. An oH gi^her in Sunset-Midway 

Sometimes the oil is under great (photo by R. W. Pack, U. S. 
pressure (either gas or hydrostatic Geological Survey.) 
pressure) and the oil shoots into 

the air, forming a gusher (Fig. 343), when a well taps an “ oil- 
pool." It has been estimated that, in an oil field of average pro- 
ductiveness, a cubic foot of the porous rock contains from 6 to 12 
pints of oil. The life of a well drilled into an “ oil-pool ” varies 
from a few months to 20 or 30 years, or sometimes even more. A 


heavy producer (especially a gusher) almost invariably falls off 
in production notably in a few months, or at most in a few years. 

The world's output of petroleum for 1925 was 1,000,000,000 
barrels, of which the United States produced 756,000,000 barrels, 
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soft high grade ore is removed by steam shovels in great open pits 
(Fig. 344). In the several districts of northern Michigan and 
Wisconsin, the ores (nearly all hematite) are associated with more 
or less highly folded rocks at considerable depths. The Lake 
Superior iron ores aU occur in rocks of Archeozoic and Proterozoic 
ages. According to the best explanation of their origin, the iron 
of the ores was once part of a sedimentary series of rocks in the 
form of iron carbonate and silicate mterstratified with layers of 
a flintlike rock, and associated with slate, quartzite, etc. After 
these rocks were raised into land and subjected to weathering, 
the old iron compounds were altered to oxides, mainly hematite, 

and somewhat concen- 



Fig. 345 

Structure section showing the mode of occurrence 
of hematite ore at Mesabi, Minnesota (After 
Leith, U. S. Geological Survey ) 


trated. Further con- 
centration of the ore 
was caused by dissolv- 
ing out the flintlike 
layers of the old rocks 
(Fig. 345).^ 

The Birmingham, 
Alabama, region is the 
second most important 
iron ore producer in 
the United States. The 
ore is hematite, form- 


ing part of a Silurian formation. The ore appears to be an 


original bed (or locally several beds) of fairly rich iron ore which 


was deposited on the shallow Silurian sea-bottom, and then 


covered by other strata. At the close of the Paleozoic era the iron 


ore was more or less highly folded in with other strata throughout 
the Appalachians. A remarkable fact regarding the Birmingham 
district is that, in the near vicinity of the ore, there are both coal 
for fuel and limestone flux for smelting the ores. 

The next most important iron-mining district of the United 
States is the Adirondack Mountain region of northern New York. 
Magnetite is the ore (Fig. 346), and it occurs in more or less 
irregular lenses and bands in granite and other closely associated 
rocks of pre-Paleozoic age. One view- regarding the origin of this 
ore is that it segregated during the process of coohng of the molten 
granite, and another view (recently advocated by the author) is 
that it was derived from an older iron-rich igneous formation 
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either by the molten granite, or by very hot solutions from it, and 
concentrated into the ores. 

The third important iron ore is limonite. Most of it, in the 
United States, comes from the Appalachian Mountains. It is all 
of secondary origin, that is, it has been derived from certain early 
Paleozoic iron-bearing limestones either by weathering or solution, 
and concentrated into 
ore deposits. 

Copper. — This is 
one of the most useful 
of aU metals. Various 
minerals containing 
copper are found in 
many parts of the 
world, but only about 
six of them are really 
important as ores. 

These are native cop- 
per, chalcopjrrite, chal- 
cocite, azurite, mala- 
chite, and cuprite, most 
of which are described 
in Chapter II. The 
number of places where 
they may be profitably 
mined as ore is dis- 
tinctly limited. Fifteen 
or twenty countries 
produce more or less 
copper, but the United 
States is by far the 
greatest producer. The 
output was nearly 
2,000,000,000 poimds in 1916, and 1,700,000,000 pounds in 1925. 
The other leading producers are Japan, Chile, Mexico, Spain, and 
Canada. The principal producing states are Arizona, Montana, 
Michigan, and Utah. 

In Arizona several great copper mining districts lie in the 
southeastern one-fourth of the state. Almost invariably the ores 
are directly associated with limestone and an igneous rock (gran- 



Fig. 346 

A specimen of magnetic iron-ore from Lyon 
Mountain, New York. (Photo by the 
author.) 
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ite), both of late Paleozoic age (Fig. 347). The ores are almost 
always near the border between the two rocks, mostly as great 
irregular deposits within the limestone, and less commonly as 
veins within the granite. The original ores were carried in solu- 
tion and deposited by hot liquids (or vapors) from the cooling 
granite. 

In the region around Butte, Montana, most of the ores are 
sulphides of copper (mainly chalcocite) which occur with quartz 
in a great system of nearly parallel veins in granite of Tertiary 
age. ** It is supposed that in the copper veins the hot ore-bearing 

solutions ascended the 



Fig 347 

Structure section showing the mode of occur- 
rence of copper ore at Globe, Arizona. (After 
Wendt.) 


fractures in the (hot) 
granite, replacing the 
rock by ore, and result- 
ing in an intense alter- 
ation of the walls.’^ 

In Michigan the 
mines are located on 
Keweenaw peninsula 
which extends into 
Lake Superior. A 
unique feature is that 
the ore is native cop- 
per associated with 
some native silver. The 
rocks containing the 
ore are steeply tilted 
lava sheets and con- 


glomerate strata of Proterozoic age. Openings in porous lava 
and spaces between the conglomerate pebbles have been filled by 
metallic copper which was carried off in hot solutions from the 
cooling lavas. Certain of the mining shafts have been sunk more 
than 5000 feet below the surface, these being among the deepest 
in the world. 


In Utah the greatest mining district is at Bingham Canyon, 
southwest of Salt Lake City. The rocks are late Paleozoic strata 
pierced by a large body of igneous rock. Some of the sulphide 
ores (mainly chalcopyrite) occur in veins in the igneous rock, 
and some in large tabular masses in the adjacent limestone. Hot 
solutions from lower portions of the uncooled igneous rock carried 
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the ore in solution into the hmestone, and also into cracks in the 
upper cooled igneous rock. 

Lead. — Lead must surely be counted among the five or six 
most useful metals. As in the case of nearly all of the other most 
important natural resources, so the United States is the world’s 
greatest producer of lead. The output of lead in 1916 was 552,000 
short tons, and 655,000 tons m 1925. Most of it came from Mis- 
souri, Idaho, Utah, and 
Colorado. The leading 
other countries are in 
order Spain, Germany, 

Mexico, and Australia. 

Nearly all the lead 
comes from the mineral 
galena (a sulphide of 
lead) which is described 
in Chapter II. 

The greatest lead- 
mining district is in the 
vicinity of Joplin, Mis- 
souri, where the ore 
(galena), associated with 
much zinc ore, occurs 
as veins and great ir- 
regular deposits in lime- 
stone of early Paleozoic 
age. It is generally 
agreed that under- 
ground waters dissolved 
the ores out of the 
hmestone in which they 
were disseminated as tiny particles and deposited them in con- 
centrated form at lower levels. 

In the famous Coeur d’Alene district of northern Idaho the 
great output of lead is obtained from a lead-silver ore, that is 
galena rich in silver. It occurs in great fissure veins mostly 
following fault fractures in highly folded strata of Proterozoic 
age. Igneous rocks cut through the strata, and it is beheved that 
hot ore-bearing solutions given off from the highly heated igneous 
rocks rose in the fissures and deposited the ores. 



Fig. 348 

Structure section showing the mode of occur- 
rence of lead and zinc ores at the Tucson 
Shaft, LeadviUe, Colorado. (After Argali ) 
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The Park City and Tintic districts of Utah are great producers 
of lead. The lead ore (galena) is usually rich in silver. It occurs 
mainly in veins and irregular deposits in limestone of Paleozoic 
age closely associated with certain igneous rocks. 

One of the most famous mining districts in the world is that 
around LeadviUe, Colorado, where ores of four metals — gold, 
silver, lead, and zinc — have been extensively mined. The 
salient points in the rather complex geology are the following: 
Paleozoic strata, including much limestone, rest upon a founda- 
tion of pre-Paleozoic granite. Sheets of igneous rock are inter- 
bedded with the strata, and many dikes of igneous rocks cut 
through the whole combination. Aiter the last igneous activity, 
all the rocks were somewhat folded, and notably faulted in many 
places. The ores were dissolved out of the igneous rocks and 
deposited in large masses mostly in the limestone, and in fissure 
veins especially along and near the fault zones (Fig. 348). 

Zinc. — Another of the few most useful metals is zinc. It 
never occurs in metallic form in nature, but most of it by far is 
obtained from the ore-mineral sphalerite, described in Chapter II. 
A "red oxide of zinc ore, called zinate, assumes great economic 
importance in New Jersey. 

In 1917 the United States produced 686,000 short tons of zinc. 
In 1925 the production was 590,000 tons. The Umted States is 
the world’s greatest producer. The four leading producing states 
are Missouri, Montana, New Jersey, and Colorado. Germany 
and Belgium are the greatest foreign producers. 

Most important of aU in the United States is the district 
around Joplin, Missouri, where the ore is closely associated with 
lead ore. The mode of occurrence and origin of these ores are 
above referred to in the discussion of lead. 

In the Butte, Montana, region, some of the great east-west 
fissure veins in granite are rich in silver ores in the upper levels, 
and in zinc ores (mainly sphalerite) at depths of from some 
hundreds of feet to nearly 2000 feet, that is, as far down as they 
have been mined. They, like the great copper veins of the same 
general district, were carried by hot solutions which rose from the 
lower still very hot granite, and deposited the ores in fissures of 
the same cooler rock higher up. 

In the general vicinity of Franklin, New Jersey, the zincite 
ore-deposits occur in white limestone along, or close to its contact 
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with, metamorphosed (altered) strata and granite of early Paleo- 
zoic age. It is not definitely known how the ore originated, but 
it was probably derived in solution from the hot granite, and 
deposited in the limestone by replacement of the latter. 

In Colorado the principal zinc mines are around LeadviUe 
where lead ore is nearly always directly associated with the zinc 
ore. This district is above described in the discussion of lead. 

Gold. — This precious metal has been used and highly prized 
by man for thousands of years. The Transvaal region of South 
Africa has for two decades been the world’s greatest gold producer. 
In 1925 the Transvaal region produced gold to the value of nearly 
$200,000,000; the United States about $50,000,000; Canada 
about $36,000,000; Mexico, $16,000,000; and Australia and New 
Zealand, $14,000,000. In 1916 the gold production of the United 
States was over $90,000,000. 

Most of the commercially valuable gold occurs in nature as 
native gold either mixed with gravel and sand (i.e. placer deposits) 
along existing or ancient stream beds, or in veins mechanically 
held in the mineral p 3 rrite (described in Chapter II) in submicro- 
scopic form, or mixed with quartz in vein deposits. In deep vein 
deposits it is quite the rule to find free (or native) gold mechan- 
ically and visibly mixed with quartz in the upper levels, while 
deeper down the gold is mechanically, but invisibly, held in com- 
bination usually in pyrite, which latter is associated with quartz. 
This difference is due to the fact that the lower-level ores are now 
just as they were formed, but in the upper levels the ores have 
been weathered and the gold set free and often more or less further 
concentrated by solutions. Vein deposits are foimd in many 
kinds of rocks — igneous, sedimentary, and metamorphic — of 
nearly all ages, though they are generally directly associated with 
igneous rocks. In nearly all cases the best evidence indicates that 
the vein fillings were formed by hot ore-bearing solutions from 
the igneous rocks which deposited the ore plus quartz in fissures 
in either the igneous rocks, or adjacent rocks. Among the many 
localities where fissure veins of the kind just described are of great 
economic importance are the “ Mother Lode ” belt of the Sierra 
Nevada Moimtains of California; Cripple Creek, Georgetown, 
and the San Juan region of Colorado; and Goldfield, Tonopah, 
Bull Frog (Fig. 349) , and Comstock Lode of Nevada. 

Placer deposits, that is, free gold nuxed with gravel and sand, 
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also yield much gold. They are most prominently developed in 
California and Alaska. These gold-bearing '' gravels represent 
the more resistant products of weathering, such as quartz and 
native gold, which have been washed down from the hills on 
whose slopes the gold-bearing quartz veins outcrop, and were too 
heavy to be carried any distance, unless the grade was steep. 
They have consequently settled down in the stream channels, 
the gold, on account of its higher specific gravity, coUecting 



Pig. 349 

Gold-bearing quartz veins m Bullfrog Mine, RhyoKte, Nevada. 
(After F. L. Ransome, U. S. Geological Survey ) 


usually in the lower part of the gravel (placer) deposit (Ries). 
Such gold occurs as grains, flakes, or nuggets. 

Most of the gold of South Africa comes from the Witwaters- 
rand district where the native metal occurs in a unique maimer in 
beds or layers of conglomerate associated with other strata, all 
the rocks being considerably folded and somewhat faulted. Some 
of the mines are several thousand feet deep. The gold either 
accumulated in placer form with gravel which later consolidated 
into conglomerate, or it was introduced into spaces between the 
pebbles subsequently by ore-bearing solutions. 
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Silver. — For many years the United States and Mexico have 
been the world's greatest silver producers, sometimes one and 
sometimes the other leading, with Canada third, and Australia 
fourth. In 1925 the production of silver in Mexico was $65,000,000 
and in the Umted States $46,000,000 In the United States the 
chief producing states are Montana, Utah, Idaho, and Nevada. 

In Montana most of the silver is in the native form, more 
especially in the upper portions of the great veins rich in copper 
and zinc ores near Butte. These ores and their origin are described 
above under the captions Copper " and “ Zinc." 

The two greatest silver districts of Nevada are Tonopah and 
Comstock Lode where silver and gold minerals are associated as 
ores in Tertiary igneous rocks, the ores having been deposited in 
veins by hot ore-bearing solutions from the igneous rocks. 

In Idaho the Coeur d'Alene district produces most of the silver, 
the ore there being a silver-bearing lead ore (galena). The nature 
and origin of these deposits are described above under the caption 
“ Lead." 

In Utah the silver is also obtained from silver-bearing galena 
especially in the Tmtic, Cottonwood Canyon, and Bingham 
Canyon districts where the ores occur mainly as irregular deposits 
and in fissure veins in Paleozoic strata (chiefly limestone) directly 
associated with igneous rocks, hot ore-bearing solutions from the 
igneous rocks having furmshed the ores. 

Tin. — Production of tin in the United States has never 
amounted to much, a little mining having been carried on from 
time to time in South Carolma, Black Hills of South Dakota, and 
southern Cahfornia. About one-third of the world's supply of tin 
(143,000 long tons in 1925) comes from the Malay Peninsula 
and two small islands near by. The only other great producer 
is Bolivia, though a number of other countries produce considerable 
amoimts. 

The only important ore of tin is the mineral cassiterite, 
described in Chapter II. In the Malay region the ore all occurs 
in placer deposits and is, therefore, of secondary origin, the source 
of the ore not being known. In Bolivia the tin ore occurs 
in veins m, and close to, gramte, the ore having been carried by 
very hot vapors or liquids which were derived from the stiU 
highly keated granite. 

Aluminum. — The mineral called bauxite (a hydrous oxide of 
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aluminum) is the great ore from which aluminum is obtained by 
an electrical process. Bauxite is non-crystalline, relatively light 
in weight, white to yellowish in color, and in the form of rounded 
grains, or earthy or claylike masses. The United States and 
France are the only two great producers of bauxite, most of which 
is treated for metalhc aluminum. In the United States the 
principal deposits are in Georgia, Alabama, and Arkansas. Baux- 
ite is probably always a secondary mineral formed by decomposi- 
tion of igneous rocks rich in certain aluminum silicate minerals. 
In some cases, as in the Georgia-Alabama region, the bauxite 
appears to have been formed and concentrated in deposits by 
hot solutions from imcooled igneous rocks. 

Mercury. — This metal, commonly known as “ quicksilver,’ ' 
is of special interest because it is the only one which exists in 
liquid form at ordinary temperatures. The metal occurs in only 
small quantities in nature, most of it by far being obtained from 
the red mineral called cinnabar, described in Chapter II. 

The greatest quicksilver producing countries are Italy, Spain 
and the United States In the United States, Cahfornia is by 
far the leading state, while Texas and Nevada are the only other 
important producers. 

In California most of the ore occurs in veins and irregular 
deposits in metamorphosed strata of Mesozoic and Cenozoic ages 
usually closely associated with igneous rocks. There, as well as 
in other parts of the world, hot vapors from igneous rocks carried 
the volatile ore upward and deposited it in fissures. 


Other Economic Products 

Building Stones. — Some of the principal features which 
should be considered in regard to buildmg stones are power to 
resist weathering; power to withstand heat; color; hardness and 
density; and crushing strength. Building stones representing 
rocks of nearly aU important geologic ages are widely distributed 
throughout the world. 

Granite, including certain other closely related rocks, is one 
of the oldest and most useful building stones. The New England 
states are the greatest producers, while the Piedmont Plateau 
district (east of the Appalachians) from Philadelphia to Alabama 
also contains_important granite quarries. In the Adirondack 
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Mountains, in Wisconsin and Minnesota, through the Rocky 
Mountains, and in the Sierra Nevada Mountains there are ex- 
tensive areas of granite which are relatively little quarried. The 
granite usually occurs in regions of highly disturbed rocks where 
great volumes of the molten material were forced into the earth^s 
crust, cooled, and later laid bare by erosion. 

Marble, according to the geological definition, is a metamor- 
phosed limestone, that is a crystalline limestone. More loosely 



Fig. 350 

A limestone quarry for building 'stone. Bedford, Indiana, (Photo by 
courtesy of the Bedford Quames Company.) 


in trade, any limestone which takes a polish may be called marble. 
The greatest marble-producing districts of the United States are 
western New England (especially Vermont), the Piedmont 
Plateau, and Appalachian Mountains, aU in rocks of Paleozoic 
age. In northern New York and in the mountains of the west 
there are relatively few marble quarries. 

Ordinary limestones are widely distributed in many states 
where they range in age from early Paleozoic to Tertiary. Most 
of the quarries supply stone for near by markets. The so-called 
Bedford lunestone of Indiana has, for many years, been a widely 
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used limestone for building purposes in the United States (Fig. 
350j. 

Sayidstonesj which are stratified rocks consisting mainly of 
rounded quartz grains cemented together, are widely used in 
building operations. Like hmestones, they are very widespread 
in formations of all ages except the very oldest. There are many 
sandstone quarries supplying more or less local markets throughout 
the country. Two of the best known and most widely used 



Fig 351 

A roofing slate quarry. Brownsville, Maine. (After T N Dale, U S. 
Geological Survey.) 


sandstones are the so-caUed brownstone of Triassic age extending 
interruptedly from the Connecticut Valley of Massachusetts to 
North Carolina, and the Berea, Ohio, sandstone of light gray 
color and uniform texture. 

Slate is mostly a metamorphosed shale, that is, a shale which 
has been subjected to great pressure within the earth so that the 
stratification has been obliterated, and a weU defined cleavage 
has been developed at right angles to the direction of application 
of the pressure. Good slate is fine gramed, dense, and sphts 
readily into wide, thin plates. It occurs only where mountain- 
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making pressure and metamorphism have been brought to bear 
upon the strata. Most of our great slate quarries are located in 
early Paleozoic rocks of New England (Fig. 351), eastern New 
York, and southward through the Piedmont Plateau. Some 
quarries are also located in Arkansas, Minnesota, and California. 

Clay, — Most clays originate by the weathering of rocks, 
particularly igneous and metamorphic rocks rich in the mineral 
feldspar. As a result of the decomposition of the feldspar, much 
clay is formed, the main substance of which is kaolin. Both 
feldspar and kaolin are described in Chapter IL When the 
resulting clay rests upon the rock from which it has been derived 
it is called residual clay. Much of the clay is, however, carried 
away, mainly by streams, and deposited in lakes or the sea, or on 
river flood-plains. Some clay deposits are of wind-blown origin, 
and stiU others are formed by the grinding action of glaciers. 
Clays are very widespread, and they are directly associated with 
rocks of all geologic ages. 

Lime and Cement. — Limestone, which is one of the most 
common and widespread of all stratified rocks, forms the basis 
for the manufacture of the important substances lime (or “ quick- 
lime ^0 and Portland cement. Lime results when pure limestone 
(carbonate of hme) is burned ” or heated to a temperature high 
enough to drive off the carbonic acid gas. 

Certain limestones containing clay of the right kind and 
proportion are called natural cement rocks because, after being 
“ burned,’^ they develop the property of “ setting ” like cement 
when mixed with water. The “ setting ” of a cement is due to the 
fact that certain chemical compounds formed during the heating, 
crystallize when mixed with water, and the hard, tiny interlocking 
crystals of the newly formed silicate minerals give rigidity to the 
mass. Of recent years Portland cement has largely superseded 
the natural rock cements. “ Portland cement is the product ob- 
tained by burning a finely ground artificial mixture consisting 
essentially of lime, silica, alumina, and some iron oxide, these 
substances being present in certain definite proportions '' (Eies). 
The necessary ingredients are generally obtained by grindmg and 
burning carefully selected mixtures of limestone in some form with 
clay or shale. 

Salt. — Most of the common salt (the mineral halite) of 
commercial value occurs in nature in sea or salt-lake water; or 
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in beds of rock salt associated with other strata; or as natural 
brine in openings or pores in certain rocks. Considerable salt is 
obtained by evaporation of tide water, as around San Francisco 
Bay, and of salt-lake water, as at Great Salt Lake, Utah. The 
salt of a salt lake has been washed out of the rocks of the surround- 
ing country, and gradually accumulated in the lake because it has 
no outlet. 

Most important of all sources of salt is the rock salt which 
occurs in the form of strata within the earth^s crust. Such strata 
are found in rocks of nearly all ages from the early Paleozoic to 
the present. They have resulted from the evaporation of salt 
lakes or salty, more or less cut-off, arms of the sea, after which 
other strata have accumulated on top of them. Thus in the 
Silurian system of nearly horizontal strata imderlying all of 
southwestern New York state there occur, almost universally 
from one to seven beds of salt. At Ithaca, New York, seven salt 
beds were struck in a weU at a depth of about 2200 feet. One well 
in central-western New York penetrated a layer of solid salt 
325 feet thick. Some of this New York salt is being mined much 
like coal, but most of it is obtained by nmning water into deep 
wells to dissolve the salt, the resulting brine being pumped out 
and evaporated. 

Under portions of southern Michigan, salt occurs both in beds 
and in natural brines charging certain porous rock layers Both 
the salt beds (of Silurian age) and the brines (of Mississippian 
age) supply great quantities of salt. The brines are pumped out 
and evaporated. 

In 1925 the United States produced 7,400,000 short tons of 
salt Michigan and New York are the leading producers, followed 
by Kansas, Ohio, West Virginia, and California. 

Gypsum. — The composition and properties of this common 
and useful mineral are given in Chapter II, Rock gypsum is the 
variety of great commercial importance. It is widespread, being 
quarried in many states, and occurs interstratified with rocks of 
many ages where it has originated by evaporation, or partial 
evaporation, of salt-water lakes, or more or less cut-off arms of the 
sea. Salt beds are often associated with gypsum. 

For about ten years (including 1925) the average yearly pro- 
duction of gypsum in the United States has been several million 
long tons, or about eight times that of Canada, the nearest com- 
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petitor. New York, Iowa, Michigan, and Ohio are the chief pro- 
ducers. In New York the rock gypsum (usually 4 to 10 feet thick) 
hes in layers between shale and limestone strata of Silurian age, 
and it is quarried from the central to the western part of the state. 
In Michigan the rock-gypsum beds, commonly 5 to 20 feet thick, 
he in Mississippian strata in the southern portion of the state. 
A great bed of exceptionally pure rock gypsum underlies about 
25 square miles of Webster County, Iowa, in strata of late Paleo- 
zoic age. The Kansas gypsum deposits extend across the central 
part of the state in rocks of Permian age. 

Rock gypsum is mainly used in making plaster of paris,’^ 
as a retarder in cement, and as a fertilizer (so-caUed land 
plaster ”). 
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Divide, 157 
Dolomite, 25. 

Dome, 116 

Downthrow, of fault, 124. 

Drag, 124 

Drainage basin, 161. 

Drift, 253, 254; extent of in North 
America, 253 
Drowned rivers, 173, 190. 

Drumlms, 253-256 
Dunes, 268-271, migration of, 270, 
271; blow-out’* m, 272. 

Dust, volcanic, 49, 310 
Dutton, C. E , 12, 317. 

Dynamical geology, definition, 9. 


Exfoliation, 60-63; sculpturing ef- 
fects of, 82, domes, 82. 

Extrusive rocks, 49 

Fairbanks, H W , 12. 

Fault scarp, 124, 132, 361 
Faults, defined, 122, nomenclature 
of, 123-127, kmds of, 127-128; 
normal, 127-129; thrust, 128- 
129, 133, tension, 128; compres- 
sion, 129; scission thrusts, 129, 
fold thrusts, 129, erosion thrusts, 
129, vertical, 129; horizontal, 
129; pivotal, 130, cause of, 130- 
132, topographic mfluence of, 132. 
Fault surface, 123 
Feather River Canyon, 368. 


Earth, as a planet, 1; great parts of 
the earth, 2; crust of, 5 
Earthquake waves, 98. 

Earthquakes, causes of, 95-97; fre- 
quenc3% duration, extent of shocks, 
97-98; intensity scale, 100, ef- 
fects of shocks, 101; distribu 
of, 102, submarine, 103. 

East Indies, 102, 320 
Economic geology, definition, 
general importance, 398 
Eg>"pt, 268, 272 
Elements, chemical, 15. 

Elevation of land, ^-91. 

Emmons, W. H , 12. 

England, 92, 140, 201, 283. 
Epeirogenic movement, 85 
Eras, 6, 7. 

Erosion, defined, 84; sheet, 146; 
rate of, 153-155; lateral, 159-161; 
normal cycle of, 179-184, in- 
fancy stage, 180; youthful stage, 
180-182; mature stage, 182, 183; 
old-age stage, 183; remnants of, 
209; glacial, 242-252; marme, 281- 
286; by waves, 281. 

Erratics, 256, 257 
Eskers, 260, 261 
Estuaries, 176, 190, 294 
Europe, 226, 229, 232, 248, 251, 266, 
270, 273, 279 


Feldspars, 25 
Ferrel’s law, 194. 

Fmger Lakes, 385. 

Fiords, 249-250, 294. 

Fissure eruptions, 312. 

Flmt, 30 
Floe-ice, 264. 

Flgod-plain deposits, 170. 

Flood plams, 159, 160, 170 
; Florida, 177, 377, 386, 396 
FW and fracture, zones of, 112. 
Fluorite, 26. 

Folded mountains, 352-361; char- 
acter, origin, and structure of, 
352-355, stages in history of, 
355-357; rate and date of folding, 
357, 358, 360; cause of folding, 
358-361 

Folds, 112; parts of, 114, kmds of, 
114-116. 

Fohates, 54, 55. 

Fohation, 53. 

Footwall, 124 
Ford, W E , 12 
Fossils, defined, 33, 45 
Fragmental materials, 143 
France, 116, 142, 187, 271, 378, 416. 
Fresh rock, 73-75 
Frontal apron, 258 
Fuller, M L., 105 
Fulton Cham of Lakes, 379. 
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Gabbro, 50, 51. 

Galena, 26, 415. 

Ganges River, 176. 

Gaps, water, 205, 206; wind, 206, 
207. 

Garden of the Gods, 77, 210. 

Garnets, 26-27 

Gases, volcanic, 303-305 

Geikie, A , 10 

Geikie, J., 12, 13, 111. 

Geography, definition, 1, 9. 

Geological time, 6 

Geology, definition, 1; physical 
geology, definition, 1, historical 
geology, definition, 1, scope and 
significance of, 4, branches of, 7. 

Georgia, 61, 62, 83, 205, 416 

Germany, 26, 187, 230, 282, 362, 
378, 399, 407, 411, 412 

Geyserite, 346. 

Geysers, 337. 

Gilbert, G. K , 105, 106, 176, 211, 
258, 315, 389, 394 

Glacial deposits, 252-260; ice-laid, 
254-257; fiuvio-glacial, 254, 257- 
260. 

Glacial effects, upon rehef, 260; 
upon soils, 260-262; upon drain- 
age, 262, 263 

Glacier Park, 43, 71, 136, 205, 224, 
232, 242, 244, 248, 249, 251, 252, 
366, 381, 384 

Glaciers, importance of, 220, 221; 
valley, 221, 222; hanging, 222, 
223; piedmont, 224, ice caps, 
224, 225; contmental, 225, ex- 
isting, 225-227, ongm of, 232, 233; 
rate of movement, 233; laws of 
motion, 233, 234; lower limits of, 
235-237; crevasses in, 237, layers 
in, 238, 239; erosion by, 242-252; 
deposits by, 252-260. 

Gneiss, 54-57; granite, 55; diorite, 
55, injection, 55-57. 

Gneissoid, structure, 54; granite, 
55, diorite, 55 

Gold, 27, 413, 414. 

Grabau, A. W., 10, 


Grabeu, 127. 

Graded river, 152 
Gradient, of stream, 152, 157. 

Grand Canyon, Arizona, 81, 153, 
167, 2d2, 203, 204, 207, 364. 
Gramte, 47, 50, 416, 417. 

Grant, U. S., 220 
Graphite, 27. 

Gravels, 38. 

Great Basin, 366, 374, 387, 396. 
Great Britain, 142, 230, 284, 318, 
399, 407. 

Great Lakes, 92, moraines m vicin- 
ity of, 251, origm of, 263, 377, 
382,383 

Great Plains, 146, 166, 351, 370. 
Great Salt Lake, 91, 375, 387-389, 
392, 420. 

Greenland, 92, 225, 232, 233, 236, 
350, 381 

Griggs, R F , 320 
Gulhes, 156. 

Gunnison River Canyon, 201. 
Gypsum, 27, 40, 420, 421. 

Hade, 125-126. 

Hahte, 28, 419. 

Hanging wall, 124. 

^ Harnden, 267. 

VHaug, E., 10 

Hawaiian Islands, 102, 103, 180, 217, 
297, 301, 302, 303, 304, 306, 307, 
309, 310, 311, 316, 319, 332, 363. 
Headlands, 284, 288. 

Heave, 125, 126. 

Heim, 354. 

Heme, A A., 235, 358 
Hematite, 28, 407, 408. 

Hemphill, A. E , ^3. 

Hidden Glacier, 258 
Highlands of the Hudson, 352. 
HiUers, J , 62, 104, ^89, 208, 337 
Historical geology, definition, 1, 9. 
Hobbs, W. H., 12, 13, 186, 288, 323. 
Hogbacks, 208, 212. 

Holmes, W H , 364. 

Hornblende, 21, 

Horst, 127. 
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Hovey, E 0 , 322 
Howe, E , 140. 

Hudson River, 190. 

Hudson River Valley, 92, 93, 94, 260. 
Humphrey, R L., 107 
Hyalite, 29. 

Hydration, weathering effects of, 
65-66 

Hydrosphere, 2 

Iberian Peninsula, 350 
Ice, non-glacial, 263, 264; m soils 
and rocks, 263, in streams, 263; 
in lakes, 263, 264; sea-coast ice, 
264; icebergs, 264 
lee Age, 227-232 
Icebergs, 264. 

Iceland, 307, 312, 337, 378 
Iceland spar, 24 
Ice ramparts, 263 

Idaho, 26, 178, 191, 215, 312, 313, 
335, 411, 415 

Igneous rocks, defined, 32, charac- 
teristics, 46-47; mmcrals and 
textures of, 47, 48; kmds of, 50, 
modes of occurrence of, 138-143 
lUinois, 26, 166, 167, 178, 195, 262. 
Imperial Valley, 64, 270, 273. 

India, 25, 90, 101, 105, 106, 173, 
196, 199, 285, 313, 386. 

Indiana, 268, 271, 344, 402, 403, 404, 
417. 

Insequent stream pattern, 179. 
Interior drainage, 387. 

Intrusive rocks, 49 
Intrusive sheet, 140. 

Iowa, 178, 231, 273, 371, 420. 

Ireland, 122, 256. 

Iron, 406-409 

Islands, in sea, 295-298; coral, 297, 
Isoclmal fold, 115-116. 

Isostasy, 360, 361 

Italy, 101, 107, 378, 380, 416. 

Jackson, 338. 

Jade, 22, 30. 

Japan, 101, 106, 107-108, 409. 

Jasper, 30, 


Johnson, D W , 244. 

Jomts, 80, nature and occurrence 
of, 118-119; causes of, 119, 149 
JoruUo, 314. 

Jura Mountains, 352. 

Karnes, 259, 260 

Kansas, 183, 185, 273, 403, 420, 421. 
Kaolm, 28. 

Katmai Volcano, 266, 303, 313, 316, 
319, 320, 321, 323, 324, 378 
Kayser, E , 10, 354. 

Keith, A , 120 
Kemp, J F , 12. 

Kentucky, 387 

Kem River Canyon, 368, 387 
Kettle holes, 254, 258 
Kettle lakes, 385 

Kilauea, 301, 303, 304, 309, 311, 315, 
319, 321, 322, 323 

King’s River Canyon, 202, 367, 368. 
Kneeland, F N , 214, 216 
Knife-edge ridges, 252 
Krakatoa, 266, 311, 316, 323. 

Kraus and Hunt, 12. 

Labrador, 89, 185. 

Labradorite, 26 
Laccoliths, 141-142. 

Lagoon, 290 

Lake Agassiz, 371, 381, 395, 

Lake Algonquin, 383. 

Lake and Rastall, 10. 

Lake Athabasca, 384, 

Lake Baikal, 372. 

Lake basins, formed by diastro- 
phism, 374-377, by vulcanism, 
377, 378, by glacial action, 378- 
385; by stream action, 385, 386, 
in other ways, 386, 387 
Lake Bonneville, 388, 389, 394, 397. 
Lake Champlam, 387 
Lake Chelan, 373, 379, 380. 

Lake Chicago, 382 
Lake Duluth, 382, 383 
Lake Geneva, 373, 376, 393, 

Lake George, 379, 

Lake Huron, 372. 
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Lake Iroquois, 383. 

Lake Lahontan, 396. 

Lake Lundy, 382 
Lake Michigan, 372. 

Lake Ontario, 292, 373. 

Lake Pepin, 386. 

Lake Placid, 379 
Lake Superior, 372, 373. 

Lake Tahoe, 372, 375, 376. 

Lake Titicaca, 372. 

Lake Van, 391. 

Lake Victoria-Nyanza, 372 
Lakes, defined, 372; functions of, 
373, 374, origin of basins, 374- 
387, salt, 387-391; erosion by, 
391; deposition in, 391, 392; de- 
struction of, 393-396; extinct, 
396, 397 
Land slides, 77. 

Lapilli, 310 

Lassen Peak, 302, 303, 314, 315, 323, 
324, 325, 326, 335, 351, 362. 

Lavas, 143, 305; streams, 305-307; 
kinds of, 307, 308; cellular, 308, 
311. 

Lava tunnel, 306. 

Lead, 411-412. 

Le Conte, J , 10. 

Lee, W T , 181, 226, 241, 247. 

Leith, C K , 12, 408 
Levees, natural, 171. 

Lignite, 43, 401. 

Lmburgite, 50 
Lime, 419 
Limestones, 39-42. 

Limomte, 28, 391, 409. 

Lmdgren, W., 12. 

Lithosphere, 2 
Load, stream, 149. 

Loam, 74. 

Lobeck, A. K , 110. 

Loess, 39, 273, 274. 

Long Island, 255, 258. 

Long^s Peak, 59, 60, 61, 69, 241, 246, 
247. 

Loomis, B. F., 323, 324. 

Louisiana, 196, 386, 403, 404. 

Luray Cave, 344, 345. 


Magma, 47, 305. 

Magnetite, 28, 407, 408. 

Marne, 93, 94, 140, 190, 249, 294, 
296, 418. 

Malachite, 29, 409. 

Malaspma Glacier, 224. 

Malay region, 24, 415. 

Mammoth Cave, 332, 343, 344, 345 
Mantle rock, 71-72, residual, 71; 

transported, 72 
Marble, 55, 56, 417. 

Marble, R E , 249, 384. 

Marl, 42, 74, 391. 

Martha's Vineyard, 283. 

Maryland, 113, 115, 283. 
Massachusetts, 25, 45, 53, 69, 74, 
76, 126, 128, 139, 140, 159, 183, 
255, 256, 267, 272, 291, 418. 
Matterhorn peaks, 249, 252 
Matthes, F., 188, 245 
Mauna Loa, 302, 303, 306, 311, 316, 
319, 321, 322, 362. 

McConnell and Brock, 161. 

Meander deposits, 169. 

Meanders, 159, 160; entrenched, 187. 
Mendenhall, W. C., 187, 270 
Mendenhall Glacier, 368. 

Mercury, 416. 

MemU, G. P , 12, 75, 272, 347. 

Mesas, 210, 211. 

Metamorphic rocks, defined, 32, 51- 
57; minerals and structures of, 53; 
kinds of, 54-57 

Metamorphism, defined, 50; agen- 
cies of, 51. 

Mexico, 29, 227, 232, 314, 350, 403, 
406, 409, 411. 
hlicas 29 

Michigan, 24, 27, 407, 408, 409, 410, 
420, 421. 

MiUer, W J., 10. 

Mineral, de^tion and significance 
of, 14. 

Mmeralogy, defimtion, 9 
Mmerals, chemical make-up of, 15; 
geological importance of, 15; crys- 
tal forms of, 17, 18; physical 
properties of, 19-21; cleavage of, 
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19; hardness of, 20; color of, 20; 
lustre of, 20, transparency of, 21, 
streak of, 21; weight of, 21. 

Minnesota, 28, 156, 257, 378, 381, 
386, 394, 407, 408, 417, 419. 

Mississippi, 196. 

Mississippi delta, 173, 175, 176, 177. 

Mississippi River, 148, 153, 170, 171, 
194, 196, 383. 

Mississippi Valley, floods in, 171, 
190, 231, 261, 351, 370, 385, 401. 

Missouri, 26, 104r-105, 183, 185, 196, 
376, 411, 412. 

Missouri River, 194, 262. 

Mohawk Valley, 134, 135, 195, 260, 
381 

Monadnocks, 184-186, 212, 213. 

Monocline, 115. 

Mono Lake, 301, 307, 390, 392. 

Montana, 24, 109, 134, 136, 142, 165, 
400, 409, 410, 412, 415. 

Monte Nuova, 313 

Mont Pelee, 320, 321, 324. 

Moonstone, 26 

Moraines, 239-241; superglacial, 240; 
lateral, 240, medial, 239, 240, en- 
glacial, 240, subglacial, 240, 241; 
terminal, 241, 254, 255; boulder, 
252; ridges, 253; ground, 254; 
terminal, 254, 255; recessional, 255. 

Mountains, general importance, 349; 
defined, 349, 350; arrangement of, 
351, 352; folded, 352-361; faulted, 
361, 362; volcanic, 362-373, lac- 
colithic, 363; erosion, 363-365; 
composite, 365, sculpturmg and 
destruction of, 365, 366, rejuvena- 
tion of, 367-369 

Mt. Etna, 302, 304, 315, 325. 

Mt Mazama, 303, 316, 319 

Mt. Pelee, 322, 324 

Mt Rainier, 224-226, 237, 302, 312, 
316, 362. 

Mt Shasta, 226, 235, 302, 303, 312, 
316, 317, 362, 366 

Mt St Ehas, 230 

Mt Vesuvius, 312, 315, 318, 319, 324, 
325. 


Muck, 74. 

Mud cracks, 42, 43, 44. 

Muds, 38. 

Muir Glacier, 227, 237. 

Murray, J., 276. 

Muscovite, 29. 

Myers and Loomis, 314. 

Narrows, 205-206 

Natural bridges, 209, 210, 213, 342, 
343, 344 

Natural gas, 406 

Nebraska, 167, 168, 273, 330, 331 
Nebular hypothesis, 298 
Nevada, 131, 165, 305, 361, 413, 414, 
415, 416. 

N5v4 232 
Nevins, R , 150 

New England, 97, 142, 146, 153, 184, 
185, 188, 209, 229, 246, 257, 260, 
261, 262, 284, 285, 352, 371, 379, 
385, 394, 396, 416, 417, 419. 
Newfoundland, 287 
New Hampshire, 184, 205. 

New Jersey, 171, 290, 412, 413. 

New Mexico, 29, 142, 208, 212, 267, 
308, 317, 344 

New York, 27, 29, 30, 34, 51, 57, 
94, 110, 119, 122, 127, 147, 148, 
158, 165, 185, 187, 188, 195, 198, 
229, 246, 250, 252, 253, 256, 257, 
259, 261, 262, 360, 366, 369, 379, 
381, 385, 386, 394, 395, 409, 417, 
419, 420, 421. 

New York City, 110; map of vicinity 
of, 289 

New Zealand, 236, 337. 

Niagara Falls, 147, 211, 212, 213, 214. 
Niagara Gorge, 202, 263. 

Niagara River, 373, 395 
Nile River, delta, 173, 174, 176 
North America, map of, 3, 8; rate of 
erosion, 155, map of, 98, extent 
of ice sheets m, 229 
North Carolma, 205, 418. 

North Dakota, 182, 381 
Northwestern Glacier, 220 
Norton, W. H., 10, 106, 176, 286. 



INDEX 


431 


Oblique fault, 127. 

Obsidian, 49, 307 
Ocean currents, 278, 279. 

Offset, 127 

Ogden Canyon, 136, 199. 

O ’Harra, C , 109 

Ohio, 171, 403, 404, 418, 420, 421. 
Oil-pool, 405 
Oklahoma, 185, 403, 406. 

Ohvme, 29. 

Ontario, 231, 269, 271, 272, 376. 
Oozes, deep-sea, 292. 

Opal, 29. 

Ore, defined, 406 
Ore deposits, 406-416. 

Oregon, 70, 134, 223, 313, 361, 365, 
375 

Oregon Caves, 344, 345 
Organisms, mechamcal action of, 62, 
66; chemical action, 67-68. 
Oriental amethyst, 25. 

Oriental emerald, 25. 

Oriental topaz, 25. 

Orner, A J , 215 
Orogenic movement, 86. 

Orthoclaso, 25. 

Outcrop, 71, 111. 

Outhers, 211 
Outwash plains, 258 
Overlap, 137 

Overturned fold, 115, 116. 

Owens Lake, 390 
Owens VaUey, 135, 156, 375, 376. 
Oxbow lakes, 385 
Oxbows, 159, 160. 

Oxidation, weathermg effects of, 
65-66. 

Pacific Ocean, 275. 

Pack, R W , 405. 

Pahoehoe, 308, 309 
Paleogeography, definition, 9. 
Paleontology, definition, 9. 

Palestme, 134, 375, 378, 390 
Pahsades of the Hudson, 141. 

Peak, mountain, 351. 

Peat, 43, 391 
Penck, A., 254. . 


Peneplams, 184-186 
Pennsylvania, 27, 171, 187, 195, 262, 
401,*'406 
Pendot, 29. 

Peridotite, 50. 

Periods, 6, 7. 

Petrifaction, 347, 348. 

Petroleum, 402-406. 

Petrology, definition, 9. 

Phlogopite, 29. 

Physiography (physical geography), 
definition, 9. 

Piedmont alluvial plains, 165, 166 
Piedmont plateau, 142, 350, 416. 

417, 419. 

Pikes Peak, 351. 

Pinnacles, rock, 209, 210. 

Piracy, 196. 

Pirsson, L V , 12. 

Pirsson and Schuchert, 10. 

Pitch, 115. 

Pit lakes, 385. 

Pitted plain, 385. 

Plagioclase, 25. 

Plains, defined, 350, 351; origin and 
history of, 370, 371. 

Plains of marine erosion, 284, 285. 
Planetesimal h\T)othesis, 298. 
Plateaus, defined, 350; origin and 
history of, 369, 370. 

Platinum, 29. 

Playas, 373. 

Plucking, glacier, 243. 

Plunge, 113, 115. 

Plunge-basin lakes, 386. 

Plutomc action, 300. 

Plutonic rocks, 49, 50, 138, 142. 

Po, River, 175. 

Porosity of soils and rocks, 330, 331 
Porphyries, 50. 

Porphyritic lava, 308. 

Portugal, 101, 104. 

Potholes, 218, 219. 

Prase, 30 

Pressure, stream, 149; glacier, 243. 
Pumice, 292, 308. 

Putnam, 177 
Pyramid Lake, 392, 396. 
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PjTite, 29. 

P^TOxenes, 30. 

Quartz, 16, 30 
Quartzite, 55, 56 
Quirke, T. T., 10 

Rafts, of logs m rivers, 196, 386. 
Rain, action of, 64; wash, 145, 
146. 

Range mountain, 351, 352. 

Ransome, F L , 414. 

Reclus, 271. 

Recumbent fold, 115. 

Reid, H. F , 227. 

Rejuvenation, 186-190. 

Rehc lake, 387 
Revived streams, 186. 

Rhone River, 175. 

Rhyolite, 50 

Ridges, 211; mountam, 351. 

Ries, H , 12, 405, 419. 

Rift, fault, 124. 

Ripple marks, 41 
River systems, 161 
Rock, definition of, 33. 

Rock-basin lakes, 384 
Rock flowage, 112 
Rock formation, definition, 32 
Rocking stones, 255, 257 
Rocky Mountains, 4, 90, 134, 135, 
142, 166, 212, 223, 226, 235, 237, 
244, 248, 250, 331, 352, 353, 367, 
367, 384,401. 

Rocky Mountain Revolution, 357. 
Rogers, A. W , 12 
Rotten rock, 73-75. 

Royal Gorge, 203. 

Ruby, 24 
Russell, I C , 12. 

Russia, 29, 230, 403, 406, 413. 

Sahara Desert, 266, 269, 272. 

St. Lawrence River, 263, 383, 395. 

St. Lawrence Valley, 260 
Sahsbury, R. D., 12, 197, 

Salisbury and Atwood, 12, 157. 

Salt, 40, 419, 420. 


Salton Sea, 372, 390 
Salton Sink, 195, 390 
Sands, 37, 74 
Sandstones, 34, 37, 418. 

San Francisco Bay, 93. 

San Salvador, 314 
Santorm Islands, 315. 

Sapphire, 24 
Saranac Lakes, 379. 

Scandinavia, 29, 89, 224, 249, 260, 
294 

Schist, 52, 53, 55-57; hornblende, 55, 
56, mica, 55-56, quartz, 55, con- 
glomerate, 55-56; marble, 5^56. 
Schuchert, C , 1, 3. 

Scoria, 30^ 

Scotland, 402 
Scott, W B , 10 

Sea, extent and depth of, 275; com- 
position of water, 275, tempera- 
ture, 276, life m, 276-278; topog- 
raphy of floor, 279, deposits in, 
286-293, ongm of, 298; age of, 
299 

Sea cliffs, 281, 282; retreat of, 282, 
283, 284. 

Sea of Gahlee, 378. 

Sedimentary rocks, defined, 32; 

characteristics, 33, kinds, 36. 
Sediments, where deposited, 33; 

how consohdated, 35. 

Seismogram, 99 
Seismographs, 99. 

Seismology, 95. 

Selemte, 27 

Selkirk Mountains, 357. 

Seneca Lake, 393. 

Serpentme, 30 
Shder, N S , 139. 

Shales, 38. 

Shenandoah River, 199. 

Shimer, H W , 10. 

Shore current, 280, 288 
Shorehne development, cycles of, 
293-295. 

Siam, 25 
Siberia, 377 
Sicily, 31, 101, 107. 
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Siderite, 30 

Sierra Nevada Mountains, 135, 142, 
165, 177, 188, 189, 202, 227, 232, 
235, 248, 250, 351, 362, 365, 366, 
367, 368, 375, 378, 384, 413, 417. 
Sierra Nevada Revolution, 357. 
Siliceous Sinter, 41 
Sills, 140 
Silver, 31, 415 
Sink holes, 342, 343, 344. 

Slate, 55, 56, 418, 419. 

Shckensides, 123 
Slip, 125, 126. 

Smith, E E , 269 
Smith, G 0 , 18G. 

Smith, W S , 89 
Snow fields, 232. 

Soapstone, 31 
Soil creep, 76. 

Soils, 73-75, residual, 73; trans- 
ported, 73 

Solution, chenucal weathering by, 
64-65, 84, 148. 

Sound, 290. 

South America, 226, 232, 273, 293, 
386 

South Carolina, 97, 104, 105, 415 
South Dakota, 66, 142, 145, 146; 

195, 262, 330, 344, 363, 415 
Spam, 24, 30, 293, 409, 411, 416. 
Sphalerite, 31 

Spheroidal weathermg, 67-68. 

Spits, 288, 290, 291. 

Sprmgs, ordmary, 333, 334; gravity, 
333, artesian, 333; seepage, 333; 
tubular, 333, 334, 336, water 
table, 334, fissure, 334, 335, 336; 
aquifer, 334; hot, 335-337; mm- 
eral, 338, 339, deposits by, 346. 
Stacks, sea, 283, 284, 286, 288. 
Stalactites, 24, 345. 

Stalagmites, 24, 345. 

Steatite, 31 
Step fault, 127. 

Step topography, 207. 

Stocks, 142. 

Stone, A M , 94 

Stose, G. W , 90, 91, 137, 141. 


Stratification, defined, 33. 
Stratigraphic throw, 126, 127. 
Stratigraphy, definition, 9. 

Stratum, defined, 33. 

Stream-bed deposits, 167-169. 

Stream capture, 196-199. 

Stream deflection, 194-196 
Streams, erosive importance of, 144; 
sources of water, 144-145, how 
they erode, 146, graded, 152; 
overloaded, 152, amount of ma- 
terial transported by, 152; depo- 
sition by, 163-172. 

Striae, glacial, 243. 

Strike, of strata, 111-112; of fault, 
125 

Strike fault, 127. 

Strike slip, 127. 

Stromboli, 302. 

Structural adjustment of streams, 
196. 

Structural geology, definition, 9. 
Structure sections, 109, 110. 
Subsequent streams, 178. 

Subsidence of land, 91-93. 

Subsoil, 73-75. 

Subsurface water, sources, amount, 
and disposal of, 328, 329; modes 
of occurrence, 329-333; in soils, 

329, 330; m porous rock-layers, 

330, 331; in cracks m rocks, 331, 
332; solvent action of, 342, 343. 

Sulphur, 31 
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PREFACE TO FIRST EDITION 


It is the author’s hope that this book may find a place as a 
class-book dealing with the historical geology portion of a one-year 
course in general geology, and that it may also serve as a text for 
special courses in historical geology. An elementary knowledge 
of what is generally comprised under d3aiamical and structural 
geology is presupposed. It is assumed that a proper amount of 
laboratory and field work will be pursued in connection with the 
text. 

It will be seen that more introductory space is devoted to a dis- 
cussion of the broad fundamental principles of historical geology 
than is customary in text-books. The experience of the author 
has been that careful attention to these general principles at the 
beginning of the subject is well repaid in satisfaction to both teacher 
and student when the great events of earth history are taken up in 
regular order. 

A definite plan is strictly adhered to in the discussion of each 
period from the Cambnan to the Tertiary inclusive. Such defi- 
niteness of presentation, in spite of some objections which may be 
raised against it, should greatly aid the beginner, who must con- 
stantly compare periods and note the important changes in the 
evolution of both land-masses and organisms. The topical arrange- 
ments are such that any desired comparisons can be readily 
made. A plan of treatment, the same for both the Archeozoic 
and Proterozoic eras, permits a ready comparison of these two. 
By the very nature of the subject-matter, a somewhat more special 
method of discussion has been necessary for the Quaternary period. 

Important features are the summaries of Paleozoic and Meso- 
zoic history which wiH aid the student in fixing in mind the salient 
points in the history of those two great eras. It is believed that 
the two tabular summaries — one of Paleozoic life and the other 
of Mesozoic life — will be helpful. Group by group and period 
by period, from the Cambrian to the Cretaceous inclusive, the 
principal evolutionary changes in organisms are brought before 
the student at a glance by the use of these tables, 

iii 
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PREFACE 


Students beginning the study of geology usually have either 
very httle knowledge of biology or their study has not emphasized 
the classification of organisms. The evolution of organisms is a 
fundamental consideration in the study of earth history^ and the 
instructor finds it well-mgh necessary to present to his classes out- 
Ime classifications of plants and animals accompanied by brief 
descriptions of the more common types. Such matter is presented 
in the first chapter of this book. 

In certain texts, especially those portions dealing with historical 
geology, there is a tendency to overwhelm the student by the intro- 
duction of a multiplicity of technical terms, especially the names of 
fossils. The present author’s idea has been to reduce such terms 
to a reasonable minimum required for a proper understanding 
of the great principles of earth history. The genus and species 
names accompanying illustrations are given m the interest of 
scientijfic accuracy and with no thought that these are to be re- 
membered by the student. 

Various distinctly appropriate illustrations, more or less familiar 
because of their appearance in other text-books or manuals of 
geology, have not been abandoned merely for the sake of some- 
thing new or different. Many of the illustrations, however, ap- 
pear in a text-book here for the first time. Among the numerous 
original sources of illustrations, particular mention should be made 
of the publications of the United States Geological Survey, the 
New York State Museum, The American Museum of Natural 
History, and the Maryland Geological Survey. 

The Macmillan Company, Henry Holt and Company, 
Ginn and Company, D. Appleton and Company, and John 
Wiley and Sons have generously allowed the use of various 
cuts. Careful attention has been given to the selection of 
only such views, fossils, diagrams, and maps as would system- 
atically illustrate the text without overdoing this feature of 
the book. 

The author is under particular obligation to Professor Bailey 
Willis of Stanford University for the use of his excellent series of 
paleogeographic maps of North America. These maps, together 
with his U. S. G. S. Professional Paper 71, have proved to be 
veritable storehouses from which to draw in the preparation of the 
manuscript of this book. 

The well-known manuals and text-books of geology, especially 
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those by Dana, Chamberlin and Salisbury, Pirsson and Schuchert, 
LeConte, Scott, Norton, Blackwelder and Barrows, Geikie, Kayser, 
and De Lapparent, have been freely consulted, and due acknowl- 
edgment is here made for the help derived from these sources. 

Among those who have read portions or all of the manuscript 
are the following: Dr. J. M. Clarke and Mr. C. A. Hartnagel 
of the New York State Museum; Professors W. B. Clark and 
C. K. Swartz and Mr. E. W. Berry of the Johns Hopkins Uni- 
versity; and Dr. L. W. Stephenson of the United States Geological 
Survey. Special acknowledgment is made to these men for valu- 
able suggestions and criticisms, but the author holds himself 
strictly responsible for aU errors the book may contain. 


Smith College, 
Northampton, Mass., 
August, 1916 


WILLIAM J. MILLER 


PREFACE TO SECOND EDITION 

In the second edition the subject-matter remains essentially 
unchanged, but various corrections and minor alterations of 
statement have been made. The writer is particularly grateful 
to several of the teachers who use the book for suggestions and 
criticisms which have been carefully considered so far as has 
been possible without altering the paging. 

A feature of the book which should be especially emphasized 
is that distinctly more space is devoted to general principles of 
historical geology and physical history than to paleontology. 
In this respect the book differs notably from the customary text- 
book treatment of historical geology, and it is hoped that this 
feature will appeal not only to teachers who are not specialists 
in paleontology, but also to students who have little or no tech- 
nical knowledge of biology. 

W. J. MILLER 

November, 1922. 
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PREFACE TO THIRD EDITION 

The book has been thoroughly revised and brought up-to-date 
without changing the general plan of treatment. Great advances 
have been made in our knowledge of the geological history of 
North America since this book first appeared m 1916. In the 
light of this new knowledge, many changes have been made, in- 
volving corrections, omissions, and additions. 

Facts and principles are emphasized with even less attention 
relatively to technical details than in the former editions. 
Thus the paleogeographic maps of North America not only have 
been made more accurate, but also they have been much simplified, 
so that the relations of land and sea, representing a given time, 
may be more easily recognized. Also many new interpretative 
statements have been added m the attempt to keep frequently 
before the reader the broader aspects and significance of the 
subject. 

The book has been somewhat enlarged. Thus some of the hne- 
cuts and half-tones have been replaced with better ones, and vari- 
ous new figures have been added; new topics are considered in 
Chapter II (General Principles) ; and the former brief treatments 
of the rocks and physical history of the Archeozoic, Proterozoic, 
Tnassic, and Jurassic have been somewhat lengthened. 

Taken altogether, the third edition is not only more accurate 
and upy-to-date, but also it is a simpler and more readable ac- 
count of historical geology, with emphasis on North America, 
than the former editions. 

The wide use to which the book has been put in many colleges 
and universities has indeed been gratifying, and it is hoped that 
this new edition will be even more acceptable. 

University of California at Los Angeles, 

May, 1928. 


W. J MILLER 
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HISTOEICAL GEOLOGY 

WITH SPECIAL REFERENCE TO NORTH 
AMERICA 

CHAPTER I 
GENERAL PRINCIPLES 

What Historical Geology Teaches 

Historical geology deals with the evolution of earth struc- 
tures and organisms. Its object is to arrange the events of earth 
history m the regular order of their occurrence. The records of 
these events are preserved in the rocks of the crust of the earth, 
the layers (strata) of which have been likened to the leaves of a 
great book. Many times the pages of this vast ‘‘nature-book'^ 
contain remarkable records and illustrations, w^hile at other 
times they are comparatively barren. In order that the reader 
may, at the outset, form some general idea of the scope and char- 
acter of the subject, the following summary of the more important 
conclusions derived from the study of earth history is here presented. 

Inorganic Inferences. — 1. The age of the earth must he meas- 
ured by scoreSj if not hundreds, of millions of years. One great 
mountain range ^ter another has been built up and then worn away 
by the ordinary processes of erosion. Many scores of thousands 
of feet (in thickness) of strata have accumulated by the deposition 
of sediments slowly derived by the removal of many thousands of 
feet of materials from the lands. Such facts force us to the in- 
ference of a vast antiqmty for the earth. 

2. The physical geography of the earth has been notably different 
in earlier geological time from Ifiat of the present. For example, 
many millions of years ago (during the Ordovician period) an inte- 
rior sea spread over much of what are now the Mississippi Valley 
and the Appalachian Mountain regions, as weU as regions still 
farther westward. 
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3, Allj or nearly all, of the surface of the lithosphere has at some 
time, or tunes, been covered by sea water. Stratified rocks of marine 
origin now constitute fully five-sixths of the exposed surface of 
the hthosphere, and it is certain that from most^ at least, of the 
remaimng surface such stratified rocks have been removed by 
erosion. 

4, The continents were roughly outlined in early geologic time. 
This is proved by the facts that even the oldest known rocks con- 
tain much land-derived sediment of comparatively shallow water 
origin and that there are no deposits which show that great oceanic 
abysses ever extended across what are now continental areas. 
Much evidence points to an early development of oceanic basins 
and continental masses which have occupied essentially the same 
positions to the present time. 

5, During geologic time there has been a general tendency 
for the continental masses to become higher and grander. There 
have been many oscillations of level, accompanied by trans- 
gressions or retrogressions of the sea, but the processes of eleva- 
tion (relatively speaking) have been predonodnant, while, at the 
same time, the ocean basins have become generally deeper. 
The high elevation and great topographic diversity of the pres- 
ent-day lands seem to be unusual as compared to earher periods 
of clearly recorded geological time. 

Organic Inferences.^ — 1. Organisms inhabited the earth many 
millions of years ago. AU but possibly the very oldest known 
series of rocks contain organic remains. 

2. Throughout the known history of the earth organisms have 
continuously changed. Each epoch of earth history or series of 
strata has its characteristic assemblage of animals and plants. 
The more ancient strata contain no species like those hving to- 
day, the latter being found only in rocks of comparatively (geo- 
logically) recent date. Further, ^‘the organisms which inhabited 
the earth during any geological epoch were descended from 
organisms of preceding epochs^' (W. H Norton). 

3. The change in organisms has been progressive. In early 
geological time the animals and plants were comparatively simple 
and low in the scale of organization and structure, and through the 
succeeding epochs higher and more complex types were gradually 

^ These statements of organic inferences follow, m the main, Norton's 
Elements of Geology 
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developed until the highly organized forms of the present time, 
culminating in man, were produced. It should be remembered, 
however, that not all change in organisms has been progressive, 
but rather only the general trend. 

4. No species once extinct has ever reappeared. Numerous 
important species have lived through many epochs of geologic 
time, while others have had only brief existence. In no case, 
however, has a species once become extinct been known to re- 
appear. 

5 While higher and higher types have been developed during 
geologic time, many of the earlier and simpler types have persisted. 
Thus Foraminifers, which are exceedmgly simple, single-celled 
animals, have lived in the sea from early geologic time to the 
present. 

6 The broader or larger biological groups of organisms have 
persisted longer than the smaller. No subkingdom has ever become 
extinct, though species frequently have not outlived even a single 
geological epoch. As a rule, genera have survived longer than 
species, orders longer than genera, etc. 

7. The life history of the individual tends to recapitulate the 
evolution or history of the race. A Frog, which is a typical Am- 
phibian, shows certain fish-hke characters during its embryonic 
development, as, for example, the presence of gills and tail. Again, 
the modem Crab, which is a Crustacean, shows a gradual shorten- 
ing of the tail portion during its embryonic development. The 
earliest known Cmstaceans were practically all long tailed. 

Fossils and Their Significance 

Traces or remains of plahts and animals preserved in the 
rocks are known as fossils. The term originally referred to any- 
thing dug out of the earth, whether organic or inorganic, but 
for many years it has been strictly applied to organisms. Pale- 
ontology, which literally means ^‘science of ancient life,” deals 
primarily with fossils. 

Darwin thought that the stratified rocks contain only a very 
incomplete record of the geologic history of life. Though many 
thousands of species of fossils Lave been described from rocks 
of all ages except the very oldest, and more are constantly being 
brought to light, it must be evident that, even where conditions 
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of fossiLzation were most favorable, only a small part of the 
Me of any period is represented by its fossils. Comparatively 
few remains of organisms now inhabiting the earth are being 
deposited under conditions favorable for their preservation as 
fossils. So it has been throughout the long periods of earth 
history, though the fossils m the rocks known and unknown 
are a fair average of the groups of organisms to which they be- 
long. In spite of such imperfections in the life record, it is, 
nevertheless, remarkable that so vast a number of fossils are 
embedded in the rocks, and from these we are enabled to draw 
many fundamental conclusions regarding the history of life on 
our planet. 

l^eservation of Fossils. — 1. Preservation of the entire organism 
by freezing. Fossilization by this method is rare, though remark- 
able examples are afforded by extmct species of the Mammoths 
and Rhinoceroses, the bodies of which, with flesh, hide, and hair 
intact, have been found in frozen soils in Siberia. 

2. Preservation of the entire organism by natural embalmment. 
Fine examples are the perfectly preserved Insects in the famous 
amber of the Baltic Sea region. This amber is a hardened resin, 
the Insects havmg been caught in it while it was stiU soft and exud- 
ing from the trees. 

3. Preservation of only the hard parts of the organisms. This is 
a very common kind of fossilization in which the soft parts have 
disappeared by decomposition, while the hard parts, such as bones, 
shelb, etc., remain. Fossils of this kmd are abundant in rocks of 
later geological time, though original shell material is frequently 
found, even in very ancient rocks. 

4. Preservation of carbon only (carbonization) . This is particu- 
larly true of plants where, as a result of slow chemical change or 
decomposition, the hydrogen and oxygen mostly disappear, leav- 
ing much of the carbon, but with the original structure often 
beautifully preserved. Many excellent examples are furnished 
by the fossil plants of the great coal (Pennsylvanian) age. 

5. Preservation of original form only (casts and molds). Fossils 
of this class, which are very abundant, show none of the original 
material, but only the shape or form has been preserved. When 
a fossil becomes embedded in sediment, which hardens around the 
entire organism or any part of it, and the organism then decom- 
poses or dissolves away, a cavity only is left and this is called a 
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mould. A cast may be formed by filling a mould with some sub- 
stance such as sediment or mineral matter carried by imderground 
water, or by fiUing a hollow organism like a shell with some solid 
substance. The cast reproduces the internal form of the shell or 
organism. Frequently original shell, mould, and cast may be seen 
in a single specimen, while more commonly the original shell has 
been dissolved away. Only in rare instances have casts of wholly 
soft animals, or the soft parts of other animals, such as the Jelly- 
fishes and Cuttle-fishes, been found in ancient rocks. 

6. Preservation of original form arid structure (petrifaction). 
Here again we have a common kind of fossilization. When a plant 
or hard part of an animal has been replaced, particle by particle, 
by mineral matter, we have what is called petrifaction. Often 
organic matter, such as wood, or inorganic matter, such as a car- 
bonate-of-lime shell, have been so perfectly replaced that the 
original minute structures are preserved as in life. Conditions 
favorable for the petrifaction of flesh seem never to have ob- 
tained. 

7. Preservation of tracks of animals. Footprints of animals, 
made in moderately soft mud or sandy mud which soon hardens 
and becomes covered with more sediment, are especially favorable 
for preservation. Thousands of examples of tracks of great ex- 
tinct Reptiles have been found in the red sandstone of the Con- 
necticut River Valley alone. Tracks or trails of Clams or similar 
animals, and burrows of Worms, are also not uncommon in the 
ancient rocks of the earth. 

Rocks in which Fossils occur. — 1. Land deposits. Old soils 
sometimes contain bones or other organic remains. Peat-bogs are 
especially favorable for the preservation of fossils, as, for example, 
the wealth of plants directly associated with the resulting coal 
seams; remains of animals, such as Frogs, Snakes, etc, which 
inhabited the swamp or bog; and the bones of other animals which 
wandered in and became entombed. Cave deposits often cover 
animal remains, many bones of extinct animals, even mcludmg 
prehistoric Man and the things he used, having been found in such 
deposits. Wind-blown deposits, like dune-sand, loess, and desert 
deposits, may contain plant or animal remains. Interglacial de- 
posits sometimes contain fossils, as, for example, the layers of 
vegetable matter with occasional bones of animals found m the 
interglacial deposits of the upper Mississippi Valley. Lavas 
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rarely contain fossils, but volcanic ash deposited in water may 
be rich m organic remains, this being especially true of certain 
portions of the western interior of the Umted States. 

2. River and lake deposits. River deposits often carry river 
forms themselves, or land forms which fell mto the stream and be- 
came entombed in its deposits. Lakes offer very favorable con- 
ditions for fossilization. Surrounding trees drop their leaves, 
flowers, and fruit upon the mud-flats, Insects fall into the quiet 
waters, while quadrupeds are mired in mud or quick-sand and soon 
buried out of sight. Flooded streams bring in quantities of 
vegetable debris, together with the carcasses of land animals 
drowmed by the sudden rise of the flood (W. B. Scott). 

3, Marine deposits. By far the largest number and variety 
of organic remains are found m rocks of marine origm, because on 
the sea bottom the conditions for their preservation have been 
most favorable. The distribution of fossils in strata of marine 
origin is, how^ever, exceedingly irregular, ranging from those strata 
which are almost entirely made up of fossils to others which are 
nearly barren. Longshore deposits are usually not rich in fossils, 
because of the grinding action of the waves, while deposits formed 
in the quiet waters off shore often contain vast numbers of fossils. 
Many conditions have produced great diversity in the distribution 
of marine organisms throughout knowm geologic time: tempera- 
ture, depth of water, supply of food, degree of salinity, nature of 
the sea bottom, clearness of the water, etc. The oldest f ossiliferous 
strata seem to contain practically no land forms, probably because 
land forms were but slightly, if at all, developed so early. In 
marine strata of more recent date terrestrial organisms are often 
found, especially in delta deposits, where such remains have been 
swept into the sea at the mouths of rivers. 

Significance of Fossils. — It would be diflScult to overestimate 
the value of fossils in the study of earth history. They furnish 
most important evidence regarding earth chronology, ancient; 
geographic and climatic conditions, as weU as a basis for a proper 
understanding of the evolution relations and distribution of modern 
organisms. 

''The materials wnth which the paleontologist must deal are 
the dead, unchangeable fossils, dug up from the rocks of the 
earth's crust, but the problems which arise from the study of 
these materials are far from dead, being filled with living interest 
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and giving vitality to the whole field of historical geology. These 
now defunct fossils were once living, growing organisms, which 
were associated together in innumerable faunas, which lived in 
all portions of our earth, which followed one another in almost 
endless succession from the earhest recorded period of geologi- 
cal history to the present time, and which were adapted to all 
sorts of environmental conditions on the land and in the sea.'^^ 
Leonardo da Vinci (1452-1519), the famous artist, architect, 
and engineer, while engaged in canal construction in northern 
Italy, saw many fossils embedded in the rocks. He concluded 
that these organisms had actually lived in marine water which 
once spread over the region. William Smith (1769-1839) of Eng- 
land was, however, the first to recognize the fundamental signifi- 
cance of fossils for determining the relative ages of stratified rocks. 
His announcements, based upon much careful detailed work, were 
made in the latter part of the eighteenth century and the early 
part of the nineteenth century. He has been called by the English 
the ‘Tather of Historical Geology.’^ 

1. Earth chronology. In any given region the best way to learn 
the relative ages of the stratified rocks is to determine their “order 
of superposition,'' the general assumption being that the older 
strata underlie the younger because the underlying sediments must 
have been first deposited. While this is a fundamental method, it 
is very limited in its application when used alone in regard to the 
construction of the whole earth's history. The succession of 
strata seen in any one locality or region represents only a small 
part of the earth's entire series and this, taken in connection with 
the fact that the lithologic character of strata of the same age fre- 
quently changes, makes it clear that “ order of superposition ” alone 
wiU not suffice to determine the relative ages of sedimentary rocks 
on a single continent or even large portion of a continent, not to 
mention the utter inadequacy of the method when applied to 
comparing the relative ages of strata of different continents. 

“Order of superposition," however, when used in connection 
with the fossil content of the strata, furnishes us with the method 
of determining earth chronology, “Life, since its introduction on 
the globe, has gone on advancing, diversifying, and continually 
rising to hi^er and higher planes . . . Accepting, then, the un- 
doubted fact of the universal change in the character of the organic 
1 S. Weller: Bvl, GeoL Soc, Aimnca^ Vol. 38, 1927, p. 276. 
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beings which have successively lived upon the earth, it follows that 
rocks which have been formed in widely separated periods of 
tune will contain markedly different fossils, while those which are 
laid down more or less contemporaneously will have similar fossils. 
This principle enables us to compare and correlate rocks from all 
the continents and, in a general way, to arrange the events of the 
earth’s history in chronological order . . . A geological chronology 
is constructed by carefully detenmmng, first of all, the order of 
superposition of the stratified rocks, and next by learmng the fossils 
characteristic of each group of strata . . . The order of succes- 
sion among the fossils is determined from the order of super- 
position of the strata in which they occur. When that succession 
has been thus estabhshed, it may be employed as a general 
standard.” ^ 

The student should bear m mind that strata cannot be deter- 
mined as precisely contemporaneous, because geologic time has 
been very long and the evolution of organisms very slow, and al- 
most exactly similar fossils may be expected in strata showing an 
age difference of at least some thousands of years. Also, at any 
given ancient time of earth history, as now, orgamsms were not the 
same m aU parts of the world, so that rocks formed at exactly the 
same time in different parts of the world always show certain 
differences in fossil content. As compared with the vast length 
of geologic time, however, practical contemporaneity of the strata 
can usually be determined. 

For the determination of geologic chronology, certain orgamsms 
are more valuable than others, the best being those which have had 
wide geographic distribution and short geologic range. For 
example marine organisms, which live near the ocean surface 
(so-called pelagic forms) and are easily distributed over wide areas, 
while, at the same time, the species are extant for only a com- 
paratively short time, are the best chronologic indicators. The 
Graptohtes of the early Paleozoic era furnish excellent illustra- 
tions. 

2. Past physical geography conditions. Typical stratified rock 
occup 3 dng any region proves the former presence of water over that 
region. By the study of the fossils we can further usually tell 
whether the water was ocean or lake, fresh or salt, open sea or arm 

1 W. B. Scott. An Introdtictum to Geology, 2nd edition, pp. 521-522 
and 525. 
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of the sea, deep or shallow, close to or far from land, etc. Litho- 
logic character alone may give some idea as to the depth of water 
and proximity to land where a given stratum was deposited, but 
the presence of considerable numbers of terrestrial organisms gives 
important additional data. Thick limestones filled with fossil 
Corals point to long-continued conditions of clear sea w^ater. Tree 
stumps, on the other hand, with roots still in their original position, 
plainly prove a former land surface. By means of fossils, many 
land areas have been proved to have existed as effective barriers to 
migrations of marine organisms. Certam lands now' separated by 
water may be shown to have been formerly connected, as was true 
of Alaska and Siberia, by a land connection across Bermg Strait. 
Also the fossils found in the rocks of the Isthmus of Panama show 
that North and South America were there connected at a compara- 
tively recent time in earth history. 

3. Past climatic conditions. Some strata afford an idea of 
the climatic conditions under which they were laid down. Thus 
salt and gypsum beds, more or less associated with certain red 
sandstones or shales, indicate an arid climate at the time of their 
formation. But the study of fossils is much more fruitful in this 
connection. Certain strata in southern England contain fossil 
Palms, Gourds, Crocodiles, etc., thus proving a subtropical climate 
for the time of their origin. Other strata, representing a later 
date in southern England, carry remains of Arctic animals and 
hence indicate a cold climate for that time. The finding of 
Walrus remains in New Jersey and Musk-ox remains in Arkansas 
indicate a former colder climate for those regions. Again, many 
fossil Palms, Ferns, and other temperate to subtropical plants, as 
well as animals, clearly point to former warmer climate m those 
same regions. 

Much strong evidence for climatic conditions over various por- 
tions of the earth during different geologic periods has been fur- 
nished by the study of true marine organisms. Certain kinds of 
Corals live only in shallow tropical seas, and so, if in any region 
we find a bed of limestone rich in Corals of this kind, it is to be in- 
ferred that this limestone was formed in warm, shallow sea water. 
Such coral limestones are known even in the interior of North 
America. 

In deducing climatic inferences, as above explained, certain 
care must be exercised, because we are not justified in assuming that 
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because a given species now lives under warm climatic conditions, 
every species of the same genus has lived under similar conditions. 
When, however, we are dealing with species still living, or in older 
rocks, with whole groups of organisms pointing to certain chmatic 
conditions, we are reasonably safe in our inferences. 

4. Relations and distribution of modem organisms. It is evi- 
dent that, if we are to properly understand the present-day rela- 
tions and distribution of organisms, we must learn about their 
ancestry and history, because all modern plants and animals have 
descended directly from those which lived in earher geologic epochs. 
In many cases existing plants or animals, notably different in 
structure, can be traced back to a common ancestry. Again, cer- 
tain peculiarities in the distribution of some of the present-day ani- 
mals are readily explained in the light of their geologic ancestry 
and habitats. A good example is Australia, where practically all 
of the present-day Mammals (barring those introduced by Man) 
are of very simple types, that is, non-Placentals such as the Kanga- 
roo, Spiny Ant-eater, etc., found only in and close to Australia, and 
which are clearly much more like the Mammals of distinctly earlier 
geologic time than like typical Mammals of the present day. The 
explanation is that Australia was separated from Eurasia before 
the higher (Placental) Mammals had been evolved, and that the 
very different, or probably much less severe, struggle for existence 
in isolated Austraha has not been favorable for the evolution of 
Placentals as was the case elsewhere. 

Outline Classifications of Animals and Plants 

Since a knowledge of the classifications of animals and plants 
and the principal characteristics of the more important groups of 
organisms is a fundamental consideration in the study of the life 
of each period, and in understanding the bearings of these life 
records upon the great doctrine of organic evolution, outline classi- 
fications of plants and animals, with simple explanations, are here 
given. The classifications are necessarily very brief, and no great 
degree of biologic refinement is intended. Rather the purpose is 
to have a convement arrangement, essentially m biologic order, of 
the principal groups of organisms, commonly occurring as fossils, 
to form a simple basis for the discussion of the life of each period 
of geologic history as presented in this text-book. 
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Organisms are divided into many groups, such as kingdoms 
(e.g. plant and animal), subkingdoms, branches, classes, orders, 
genera, and species. A species is '^the smallest group of plants or 
animals having certain characters in co mm on that make them 
different from all other plants or animals” (G. W. Hunter). 
Species are grouped together into larger subdivisions called genera 
(singular “genus”), etc. The scientific name of an organism gen- 
erally consists of two words — the first sigmfying the genus and 
the second the species, as, for instance, “ Archeopteryx macrura,” 
which literally means “ primitive winged creature mth a long tail,” 
and is the name of the earth’s first known Bird. 


Plants. — 


I Cryptogams 


1 ThallonhvtP^ AlgjB (e g Sea-weeds and Diatomsj. 

1 IhaUopJiytes Mushrooms). 

2 Bryophytes (eg Mosses) 

{ 1 Lycopods (e g Club-mosses) 

2 Equisetse (eg Horse-tails). 

3. Fiheales (eg. Ferns). 


Ptendosperms (e g Seed-ferns). 

1. Cycads 
2 Cordaites 

3. Comfers (eg Pines, Spruces, etc ). 
1 Monocotyledons (e g. Grasses, Lil- 
ies, etc.). 

2. Dicotyledons (e g Oaks, Roses, etc.). 

I. The Cryptogams comprise all of the flowerless and seedless 
plants, the reproductive organs being single cells called spores. 

1. Thallophytes show “no definite axis of upward gro^h, and 
no distinction of root, stem, and leaf. They all consist entirely 
of cellular tissue, being entirely destitute of wood” (J. D, Dana). 
In general there are two groups of Thallophytes — Algse and 
Fungi — the former containing chlorophyl and able to live upon 
inorganic substances, while the latter are without chlorophyl and 
live upon organic matter. 

2. Bryophytes are like Thallophjrtes in being woodless, but they 
develop a sort of axis of upward growth and possess leafy stems. 

3. Pteridophytes (Fig. 118) comprise the highest types of 
the seedless plants, and these have a clear distinction of root, 
leaf, and stem, the stem possessing woody fibres. These plants 
have been much more favorable for fossilization than most of the 
foregoing, and they assume considerable importance in the fossil 


II. Phanerogams s 


1 Gymnosperms ^ 
[ 2 Aagiosperms 
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forests, especially of the great Coal (Pennsylvanian) age. (1) Lyco- 
pods usually have branching stems upon which are crowded 
numerous small, smgle-nerved, needle-hke leaves. Modem repre- 
sentatives are the small “ Ground-pines'’ or Club-mosses” so 
familiar as Christmas decorations. (2) Eqmsetce have erect growth, 
hollow or pithy segmented stems, and leaves arranged in whorls 
around the stems. (See Fig. 118.) Modem representatives are 
the Horse-tails,” which are rush-hke plants often seen along 
our streams. Both Lycopods and Equisetse grew to be large trees 
during the great Coal (Pennsylvanian) age. (3) Fihcales or 
Ferns of temperate climates usually have fronds springing from 
a buried stem, while tropical forms may have fronds arranged 
around the summit of tree-like tmnks. 

Ptendosperms are fem-hke plants (Fig. 119) which have been 
recently recognized as a group seemingly intermediate between 
the highest Cryptogams (i.e. FiHcales) and the lowest Phanerogams 
(i.e. Cycads). They possess seeds but not tme flowers, and show 
certain other characters intermediate between Ferns and Cycads. 
These plants are all extinct, but from the fossil and evolution stand- 
points they are important. 

II. Phanebogaivis comprise the seed-bearing, flowering plants 
whose reproductive organs are stamens and pistils and whose seeds 
contain embryo plants. 

1. Gymnosperms or the so-called ‘‘naked seed” plants include 
all those which do not have their seeds inclosed in a case or ovary. 
They possess very simple flowers, and their mode of growth is 
exogenous.^ (1) Cycods are palm-like in appearance (Fig. 160), 
certain of them being erroneously called “Sago Palms.” Tme 
Palms, however, are Angiosperms with endogenous growth. In 
some ways Cycads also resemble the Ferns. Though now un- 
common, the Cycads are of considerable geological importance. 
(2) Cordaites (Fig. 120) are now entirely extinct, but during the 
latter part of the Paleozoic era they grew extensively as tall, slender 
trees “with tmnks rising to great height before branching, and 
bearing at the top a dense crown, composed of branches of various 
orders, on which simple leaves of large size were produced in abun- 

^ Exogenous plants grow from without; have distmct bark, wood, and 
pith, and show concentric rings of growth, a new ring usually being added 
each year Endogenous plants grow from within and have neither pith nor 
concentric rmgs of growth. 
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dance” (D. H. Scott). (3) Conifers include the familiar Pines, 
Spruces, etc., all of which have dense, cone-hke clusters of very 
simple flowers. 

2. Angiosperms all have their seeds enclosed in a case or ovary, 
and have more highly developed, typical flowers as well as greater 
complexity than the Gymnosperms. (1) Monocotyledons, such 
as the familiar Palms, Grasses, Lilies, etc., produce only a single 
leaf from the germinating seed, are endogenous, and usually have 
parallel-veined, simple leaves. (2) Dicotyledons, such as Oaks, 
Roses, and many other familiar plants, produce two leaves from 
the embryo, are exogenous, and usually have net-veined leaves. 


Animals.^ — 

Suh-kingdoma 


I Pkotozoans 
II PoRLPEBS (e g Sponges), 


Classes 

1 Rhizopods 
2 . 

3 

4 


f 1 Forannmfers (calcareous 
i shelled) 

[ 2 Radiolarians (sihceous shelled), 
j Not fossil 


III CCELENTERATES 


f 1 Hydrozoans (e.g Jelly-fishes, Graptohtes). 
\ 2. Anthozoans (e g Corals) 


IV. Echinoderms 


1 

2 

3 


Pelmatozoans 

Asterozoans. 

Echinozoans 


I I Cystoids (Bladder-like forms) 

2 Blastoids (Bud-hke forms) 

3 Crmoids (Lily-like forms) 

1 Ophiuroids (e g Bnttle-stars) 

2 Asteroids (e g common Star-fishes). 
1 Echmoids (e g Sea-urchins) 

2 Holothuroids (e g. Sea-cucumbers). 


V Vermes (e g Worms) Not important as fossils 


VI Molluscoids, 


f 1 Bryozoans (e g Sea-mosses) 

\2 Brachiopods (e g Lamp-shells). 


VII Mollusks 


Pelecypods (e g Oysters, Clams) 

I Not common as fossils 

Gastropods (e g Snails) 

1 Tetrabranchs (e g Ammonites, 
Nautilus) 

2. Dibranchs (e g Sqiuds, Cuttle- 
fishes). 


5 Cephalopoda 


VIII Arthropods. 


1. Merostomes (e g Horse-shoe 
Crabs). 

1 Crustaceans j 2 Tnlobites 

3. Eucrustaceans (e g. Crabs, 

^ Lobsters) 

Arachmds (e g. Spiders, Scorpions, Euryptends) 


Mynt^ods (e g CentapedesV 
Insects (e g Grasshoppers, Fhes] 


IX. Vertebrates. 


1 Ostracoderms (e g. Armor-fishes) 

2 Fishes 

3 Amphibians (e-g Frogs, Salamanders). 

4 Reptiles (Lizards, Snakes) 

5 Bii^ 

6 Mammals (e g. Dog, Man). 


1 This classification is after Zittel with certain modifications and omissions. 
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Fig 1 

A Protozoan (Amoeba) without a 
shell. Greatly enlarged (From 
Shimer’s “Introduction to the 
Study of Fossils/' courtesy of 
The Macmillan Company ) 




Fig 2 

Shelled Protozoans (Foramin- 
ifers) (From Shimer's “In- 
troduction to the Study of 
Fossils/' courtesy of The 
Macmillan Company ) 




I. Protozoans are the simplest of aU animals. They consist 
of single cells of protoplasm and are without distmct organs. Rhi- 
zopods are the only Protozoans which are encased in shells, the 



Fig. 3 

Sponges on a shell. (Courtesy of the American 
Museum of Natural History ) 
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Foraminifers having carbonate of lime shells and the Radiolarians 
shells of silica. Though veiy small, these shells have frequently 
built up limestone (chalk), or chert berls. 

II. PoRiFERs or Sponges, which are the simplest of the many- 
ceUed animals, are sac-hke forms supplied with numerous pores 
or canals through which water containing food circulates to feed 
the cells. Distmct organs are lacking. Alost Sponges have either 
siliceous or calcareous skeletons. 

III. CcELENTERATES are also verv” simple many-celled animals, 
but they possess distinct mouth, body (or stomach) cavity, and 
usually have radiating 
tentacles surrounding 
the mouth. The 
canal system of the 
Sponges is absent. 

Hydrozoans are little 
creatures consisting of 
tube-hke sacs with 
mouth at one end 
surrounded by ten- 
tacles. AnthozoansB.Te 
very much the same, 
but have a more or 
less distinct esopha- 
gus, and have the 
body cavity divided 
by radiating vertical 
partitions. Some Hy- 
drozoans and Antho- 
zoans colonize and 
some do not. Among 
the former, the Graptohtes (now extinct) are numerous and im- 
portant in early Paleozoic rocks, while the latter or Corals have 
always been prominent since pretty early Paleozoic time. 

IV. Echinoderms possess a distmct body cavity which con- 
tains the digestive or alimentary canal, distinct nervous system, 
and a water circulatory system. Most Echinoderms are radi- 
ally segmented and protected by shells. 1. Pelmatozoans are char- 
acterized by having segmented stems by which they are attached 
to the sea-floor or some object during at least part of their existence. 



Fig. 4 

Modem Hydrozoans Part of a colony much 
enlarged. (From Schuchert’s “Histoncal 
Geology,” permission of John Wiley and 
Sons ) 
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Fig. 5 

A group of modem Corals showing the internal structure of one individuaL 
(After Pfurtscheller, from Schuchert's “Historical Geology/' permission 
of John Wiley and Sons ) 

Among Pelmatozoans, the Cystoids are small, bladder-hke forms 
with irregular radial arrangement of plates of the shell and arms 





a he 

Fig 6 

Stemmed Echinoderxns (Pelmatozoans). a, Cystoid, 6, Blastoid, 
c, Crinoid. 
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wholly absent or only slightly developed; the Blastoids are bud- 
like forms with plates of the shell m very regular radial order, and 
without arms; and the Crinoids are lily-Hke forms with regular 
radial arrangement of plates of the shell, and with long, feathery 
arms surrounding the mouth. 2. Asterozoaris are the free-moving, 
star-shaped Echinoderms usually with five arms or rays radiating 



Fig. 7 

A modem Asterozoan Starfish '0 (From Shimer’s “Intro- 
duction to the Study of Fossils,” permission of The Mac- 
millan Company.) 

from a central disk. Of these the Ophiuroids (Brittle-stars) have 
slender, flexible rays very distmct from the central disk, while the 
Asteroids have thicker rays not so sharply separated from the 
central disk, and the alimentary canal extend into the rays. 
3. Echmozoans are not free-moving, are without free arms, and 
are stemless. Of these the Echinoids (Sea-urchins) have hard 
shells made up of calcareous plates usually immovably joined and 
covered with numerous movable spines; and the Holothuroids 
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(Sea-cucumbers) are soft bodied, with leathery covering, tentacles 
around the mouth, and skeletons of scattering hmy spicules. 


A B C 



Fig 8 

Modem Echinoids (“Sea-urchins”), one \nth spines in position. (After 
Coe, from Schuehert’s “Histone^ Geology,” permission of John Wiley 
and Sons ) 

V . \ BRMES or W OEMS include a large group of forms more 
complex in organization than the preceding groups Some are 
segmented and others are not. Since hard parts are very rarely 
developed, the Worms are of no great importance as fossils, their 



Fig 9 


Bryozoans A, portion of modem colony seen from above (xl5), C, an 
individual expanded; D, fossil form. A-C after Verrill and Smith; 
D, from Ulnch (From Shimer’s “Introduction to the Study of Fossils,” 
permission of The Macmillan Company.) 

presence usually being indicated by trails, burrows, or tubes made 
in mud or sand. 

VI. Molluscoids, as the name suggests, bear a resemblance 
to the Mollusks. They differ from the Anthozoans, Echinoderms, 
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Worms, and Arthropods in the entire absence of body segmenta- 
tion, Absence of distinct head and foot, the lower development 


of the nervous system, and usual lack 
of locomotive power distinguish them 
from MoUusks. A highly characteristic 
feature of the Molluscoids is a sort of 
collar or ridge, bearing fringe-like tenta- 
cles around the mouth. The soft parts 
of the animal are protected by a limy 
or chitinous covering. 1. Bryozoans form 
tiny moss-like tufts which nearly always 
colonize and suggest the Anthozoans in 
outward appearance, though they are 
much more highly organized. With few 



exceptions the Bryozoans secrete calca- Fig. 10 


reous Coral-like skeletons. 2. Brachio- Biachiopod shells (fossil 
'pods have two distinct shells (valves) forms). The lower one 
enclosing the soft body of the ammal shows internal spiral 
which contains two long, limy, variously 

shaped, sometimes coiled, supports. In fossil form the Brachio- 
pods are most readily distinguished from certain MoUusks (Pel- 
ecypods), which are also bivalves, by the bilateral symmetry of 



Fig. 11 


A modem Pelecypod A, side view; B, end view. (After 
Howes, from Schuchert's “Historical Geology/' permission 
of John Wiley and Sons ) 


the sheUs. That is, a plane of symmetry may be passed through the 
valves at right angles to the hinge line. Bryozoans and Brachio- 
pods are both very abundant as fossils, especially in the older rocks. 
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VIL Mollusks, hke Molluscoids, lack segmentation, but they 
are more highly organized with more or less distinctly developed 
body and locomotive organs. Nearly all have shells, generally ex- 
ternal, and gills for respiration 1. Pelecypods (e.g. Oysters and 
Clams) are always supplied with a pair of external shells nearly 
ahke and hence they are bivalves, but they differ from Brachiopods 

(also bivalves) in the 
n j ^ absence of bilateral sym- 

metry. The head is less 
distinct than in the other 
Mollusks. 2. Gastropods 
(e.g Snails) have distinct 
head with eyes and one 
or two pairs of tentacles, 
and they are almost in- 
variably covered by a 
one-chambered shell. 
3. CepAaZopods have well- 
defined foot; head armed 
with tentacles; and large 
complex eyes. They pro- 
pel themselves rapidly by 
forcible ejection of water. 
Tetrabranchs (e.g. modern 
Pearly Nautilus) are the 
Fig 12 so-caUed chambered Ce- 



Gastropods A and B, manne forms; C, phalopods because the 

land SnM (Prom Schuchert’s external sheU, straight or 

toncal Geolojcy, permission of John . t • i i . 


torical Geology,” 
Wiley and Sons ) 


coiled, is divided into 
compartments. They are 
Dibranchs (e.g. so-caUed 


four-gilled and with numerous tentacles. Dibranchs (e.g. so-caUed 
Cuttle-fishes) are two-gilled; with either eight or ten tentacles; 
bag for secreting an inky fluid; and almost invariably without 
external shell. Usually there is a sort of cigar-shaped internal 
shell. Mollusks of all classes have been abundantly preserved m 
rocks of all but the earliest geologic ages. 


VIII. Arthropods are highly characterized by longitudinal 
body segmentation; jointed appendages (usually a pair from each 
segment); and usually by a pair of nerve centres in each segment. 
1. Crustaceans (e.g. Lobsters and Crabs) are water animals breath- 
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ing by means of gills or through the body; usually with two pairs 
of well-developed antennae (feelers) ; and covered with a chitinous 
or calcareous crust or shell. 2. Arachnids (e.g. Spiders and Scor- 
pions) are land Arthropods breathing 
by air-sacs; have four pairs of legs; 
and no antennae. 3. Myriapods (e.g. 

Centipedes) are land Arthropods with 
numerous legs; one pair of antennae; 
and no wings. 4. Insects (e.g. Grass- 
hoppers and Butterflies) are also land 
Arthropods with one pair of antennae, 
but with three pairs of legs, and nearly 
always with wings. 

IX. Vertebrates are eminently 
characterized by the possession of a 
vertebral column, which, in aU but the 
very low forms, is a thoroughly ossi- 
fied backbone. Vertebrates include the highest known of all ani- 
mals. 1. Ostracoderms (e.g. Armour-fishes, now wholly extinct) 
are among the very simplest of Vertebrates (see Fig. 95). They 
are of particular interest from the standpoint of the evolution of 
the Fishes and higher Vertebrates. Characteristic features will be 



Fig. 13 

A modem chamber-shelled 
Cephalopod (Nautilus) show- 
ing the internal shell struc- 
ture. 



Pig. 14 

A modem Squid. (After J. H. Blake, from Shimer's ^^Introduction to the 
Study of Fossils/^ permission of The Macmillan Company ) 


given beyond in connection with the life of the Devonian period. 
2. Fishes always live in water; have distinct cartilaginous or bony 
vertebral column; distinct jaws; pairs of fins; and giUs. Sul> 
classesof Fishes will be described later. 3. AmphiJnaris (e.g. Fro^ 
and Salamanders) live either in water or on land. In the early 
stage of development of the individual (e.g. Tadpole stage), they 
are aquatic, and breathe by gills, while in the adult stage they 
breathe by lungs and are largely terrestrial in habit. They never 
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have fins 4. Reptiles (e.g. Snakes and Crocodiles); though in 
many ways like Amphibians, never have gills, and always have 
scales or bony plates developed from the skin. They are the most 
highly organized cold-blooded animals. 5. Birds are plainly dis- 
tinguished from all other animals by their covermg of feathers. 
The^^ are too familiar to need special description. They are warm- 
blooded creatures with well-developed heart and circulation of 
blood. 6 Mammals (e.g. Dog and Man) include the highest of 
all orgamsms, a characteristic being that they all suckle the young. 
They are mostly quadrupeds, covered with hair, and dwellers on 
land. The Whale is an exceptional mammal. 

Vertebrate fossils are common and of special interest because 
they show the development of the higher animals. The simplest 
(Ostracoderms) have been found in rocks of Ordovician age 
(see below), and higher and higher forms were gradually intro- 
duced and developed until the most complex Mammals appeared 
in comparatively recent time. 



CHAPTER II 


GEITERAL PRINCIPLES — CONCLUDED 

Correlation of Rock Formations 

By Stratigraphy is meant that branch of geologic science 
which '^arranges the rocks of the earth's crust in the order of their 
appearance, and interprets the sequence of events of which they 
form the records" (A. Geikie). All stratified rocks may be sub- 
divided into formations or groups of strata, each of which is marked 
either by a characteristic facies or assemblage of fossils, or, to 
greater or less extents, by similarity of lithologic features, or 
by both. A rock formation is generally considered to be a map- 
pable unit, that is its area can be delimited upon a geologic map. 
Subdivisions of formations are usually called members. By corre- 
lation of formations is meant the determination of the age equiva- 
lence, or practical equivalence, of rock groups or formations in 
various parts of the earth. Exact contemporaneity for widely 
separated districts cannot be expected as above explained in 
chapter 1. In general the criteria of correlation may be divided 
into two classes, namely, geological (physical) and paleontological 
(biological).^ 

I. Geological (physical) criteria. In many cases forma- 
tions carry no fossils or very few, and it is then necessary to seek 
means of correlation without their aid. None of the geological 
(physical) methods can, however, be applied over wide areas such 
as opposite sides of a continent, or different continents. For such 
wide correlations, criteria derived from a study of fossils only can 
be used. 

1. Continuity of deposit If, as shown in the accompanying 
diagram (Fig. 15), continuity can be traced from A to B, it is quite 
certain that the rock masses at A and B are of the same, or very 
nearly the same, age. There is probably no more important means 
of correlation used by the geologist except over wide areas. 

1 The criteria of correlation as here presented are baaed largely upon uni- 
versity lectures by Dr, W. B. Clark 
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2 Similarity of materials. Rock formations not actually 
continuous, though not too widely separated, are often correlated 
by noting similarity or identity of lithologic character, especially 

if there are any locally peculiar 
features. Earher geologists were 
inclined to overwork this method 
of correlation by appl3dng it over 
areas of too great extent, in 
some cases even suggestmg iden- 
tity of age of deposits on oppo- 
site sides of the ocean by this 
means The danger of such 
apphcation is apparent when we 
realize that, for example, a sand- 
stone of very early (Cambrian) 
age may be exactly like sand- 
^ ^ stone of much later (Tertiary) 



Diagram to illustrate correlation of 
rock formations by contmmty of 
deposit. (W. J M ) 


deposit. (W. J M ) 3. Similarity of sequence, A 

succession of strata in two places 
like A and B (Fig. 16), and not continuous on the surface, may 
be correlated on the basis of similarity of sequence, particularly 
when each formation at one place 


(A) shows little or no difference 
in hthologic character or thick- 
ness as compared with each 
formation at the other place (B). 

4. Similarity of degree of 
change, or structural relations. By 
finding similarly changed or 
metamorphosed rocks in the 
same vicinity, they may thus be 
correlated. For instance, in the 
accompanying diagram (Kg, 17) 
it is evident that the rocks of 
group A are older than those of 
group B, and these in turn older 



Fig. 16 

Diagram to illustrate correlation of 
rock formations by similarity of 
sequence. (W J. M.) 


than C. Outcrops over limited areas at least can thus be placed in 
one of these three groups. By way of illustration, the (pre-Pale- 
ozoic) rocks of the HigMands of the Hudson in southeastern New 
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York are highly metamorphosed and folded, with indurated, folded 
(Ordovician) strata restmg upon their north side, and indurated, 
non-folded, and slightly tilted (Triassic) strata coming against 
them on the south side. Each of these groups of rocks represents 
a distmctly different geologic age. This method cannot be used 
over wide areas such as different parts of a continent, because for 
instance, certain strata (Cretaceous) in the eastern part of the 
United States may be unconsolidated and horizontal, while rocks 
of the same age are highly folded in the western United States. 

5. Study of adjacent lands. Exammation of the materials of 



Fig. 17 

Diagram to illustrate correlation of rock formations by 
degree of change or structure. (W. J. M ) 

the Coastal Plain of our Atlantic sea-board clearly shows them to 
have been largely derived from the rocks of the Piedmont Plateau 
and Appalachians, and hence these Coastal Plain materials are 
the younger. Also the peneplain character of the surface of the 
Piedmont Plateau proves the greater age of this region because the 
peneplain was being produced by wearing off the very materials 
which were deposited in the adjacent ocean to produce what are 
now called the Coastal Plain deposits. 

6. By diastrophism. According to Chamberlin,^ the great 
deformations of the earth's crust have been of periodic occurrence. 
Each great movement has ^'tended toward the rejuvenation of 
the continents and toward the firmer establishment of the great 
(oceanic) basins." Between any two great diastrophic movements 
there has been a time of quiescence when the base-leveling 
processes have more or less lowered the continents. Such '‘base- 
leveling of the land means contemporaneous filling of tne sea 

1 T. C. Chamberlin: Diastrophism the Ultimate Basis of Correlation, in 
jBur. Oeol, Vol. 17, 1909, pp 685-693. 
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basins b}" transferred matter with resultant encroachment of 
the sea over the land essentially contemporaneous the world 
over/' which in turn implies “a homologous senes of deposits the 
world over." Thus the times of great diastrophism (recognized 
by great unconformities and overlapping deposits) should form the 
basis for separating and correlating at least the larger groups, or 
even systems, of strata in the earth's crust. 

II. Paleontological (biological) criteria. The signifi- 
cance of fossils in the determination of geological chronology has 
already been discussed, but it should here be repeated for emphasis 
that “order of superposition" of the strata, studied in connection 
with their fossil content, furnishes the general standard for buildmg 
up a geological chronology, and affords the best basis for the cor- 
relation of formations. In fact, for correlation of formations in 
distant portions of a continent, or different continents, paleonto- 
logical criteria alone are satisfactory. 

1. Identity of speaes. This is an extremely important method 
of correlation, especially when species with wide geographic dis- 
tribution and short geologic range are employed. It is not wise 
to depend upon a smgle species for the correlation of far distant 
formations, because then the time necessary for the migration of 
the species must be considered. This seldom gives trouble be- 
cause the geologist usually deals with a number of rapid-moving 
species In a restricted area, where formations are to be correlated, 
the same organisms may have continued for a long time, but nearly 
always some peculiar species furnishes the clew. 

2. Aggregations of forms. When groups of strata in different 
areas carry similar aggregations of similar forms, the groups of 
strata may be safely correlated. Even though a small percentage 
of the species vary, the method still holds because such varia- 
tions are to be expected on account of migratory and geographic 
conditions. 

3. Stage in the evolution of organisms. Since there has been a 
gradual development of life with increasmg complexity throughout 
geologic time, the stage of development or evolution shown by the 
fossils in a group of strata will serve as a basis for general correla- 
tion at least. Each era, or even period, shows a characteristic 
stage of evolution of forms. 

4. Percentage of living species. This apphes only to rock for- 
mations of later geologic time, because the older rocks contain no 
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species like those now hving. The percentage of living species 
becomes greater and greater as the present is approached, and 
on this basis Lyell subdivided a late period (Tertiary) into three 
epochs. 

In any correlation problem the geologist strives to use as many 
of the above criteria as possible, the certamty of the correlation 
being more firmly established when several geological and paleon- 
tological cntena are used together. 



Significance of Unconfokmities 

Thus far our discussion has been based largely upon the assump- 
tion of conformable strata, but many times the succession of strata 
(so-called “section”) under study shows one or more unconfor- 
mities. An unconformity represents an interruption in the strati- 
graphic succession. It is nearly al- 
ways an erosional surface separating 
two sets of rocks. Rarely, however, 
it may represent a time of almost 
complete non-deposition of strata in 
a submerged area. 

In a typical case, after a pile of 
strata has accumulated to a certain 
depth in a given region, an emer- 
gence, usually due to diastrophism, 
may take place, resulting in a re- 
moval of part of the pile of strata by 
erosion. The emergence generally 
involves uplift, often accompanied 
by folding or tilting, but the pile may 

remain horizontal or nearly so. Then, due to submergence, newer 
strata may be deposited upon the eroded surface of the remaining 
older rocli (Fig. 18). The surface of erosion separatmg the newer 
from the older set of rocks is called an unconformity. 

It should not be presumed that unconformities exist only in 
stratified series. Thus, among other cases, there may be an 
unconformity between either igneous or metamorphic rocks and 
ordinary strata. 

In the case of an obvious unconformity, where the upper 
strata lie upon the eroded surface of tilted or folded strata, or 


Fig 18 

Diagram to illustrate the sig- 
nificance of unconformities. 
The lower strata (A) were 
folded, raised above water, 
eroded and then submerged, 
after which the upper strata 
(B) were deposited and then 
tilted (W. J M ) 
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of Igneous or metamorphic rocks, the term “non-conformity’^ 
is applied (Fig. 18). If, however, two sets of strata, separated 
by an erosional surface, have their stratification practically par- 
allel, the term “disconformity’’ is apphed. 

From the above considerations, it is evident that an unconfor- 
mity signifies a gap or break in the geological record at the locality 
concerned, that is an absence of both the strata and the fossil 
record representing a greater or less length of geological time. 
The missing records for a given region can, however, generally 
be found by going to some other locahty where deposition of 
sediments was not interrupted at the time when the unconformity 
was being produced. 

Without the aid of fossils, in the ordinary case of unconformity, 
we could teU that the land emerged above water, was eroded, 
and again submerged, but we could not tell how much time was 
involved (Fig. 18). But by noting the fossils in the youngest 
strata just below the eroded surface, and in the oldest strata 
just above it, we could tell what epochs or periods the uncon- 
formity represents by a comparison with the standard geologic 
divisions of the world (see table near the close of this chapter). 

Because the fossils immediately above and below the hne of a 
profound unconformity show such marked differences, the earlier 
geologists were misled into thinking that each great unconformity 
signified an awful catastrophe (physical and organic) which devas- 
tated the earth and destroyed all organisms, after which came a 
period of tranquiUity when a new set of organisms was created. 
This has been called the doctrine of catastrophism. In opposition 
to this view Sir C. Lyell promulgated the doctrine of uniformita- 
rianism which holds that the evolution of the earth and its in- 
habitants has progressed practically uniformly, and that missing 
records in one place are to be found in other places. Today 
Lyell's view is generally accepted with the modification that times 
of comparatively more rapid earth disturbance, and probably 
changes in organisms, have occurred. 

Classification of Eakth Crust Movements 

Irrespective of any theory we may hold in regard to the ori- 
gin of the earth, there is overwhelming evidence that our planet 
has been, for long geological ages, a heterogeneous shrinking 
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body. Among the evidences are the following* profound fold- 
ing of belts of the earth's crust (orogeny) ; broad uplifts and warp- 
ings of the earth's crust (epeirogeny) ; and general more or 
less periodic sinking of oceanic areas, all of which have occurred 
at various times and in many places. 

In 1923, Schuchert,^ modifying Le Conte's views of 1897, 
stated “that of crustal movements there are four categories as 
follows: 

“ (1) The most primitive, extensive, and longest-enduring 
progressive movements are those of (a) negative or downward 
direction, resulting in the oceanic depressions with the heavier 
kmds of rocks; and (b) positive or upward direction, giving 
rise to the continental platforms of lighter materials. 

“ (2) The comparatively quick orogenic progressive movements 
in one general direction due to crustal lateral thrusting. They 
give rise in the stratosphere to the folded mountains (orogeny), 
and in compensating areas to stretching and nfting. Earth 
shrinkage is concentrated in the main upon the geosymclinal 
areas, the lines of greatest weakness in the crust. 

“ (3) The slowly forming epeirogenic or more or less wide and 
high arching or vertical movements of an oscillating character, 
now upward and now downward. Epeirogenesis predicates even- 
tual orogenesis 

“ (4) The isostatic oscillatory movements in compensation for 
the transfer of load from one place to another; areas of sedi- 
mentation tend to sink, and eroding ones rise. Isosta^ is an 
important cause of crustal movement, but is of secondary import 
to those produced by earth shrinkage." 

Significance of Geosynclines 

A relatively long, large subsiding downwarp or trough in 
which sediments accumulate to great depth during a long geo- 
logical time is called a geosyncUne. The sediments are generally 
of marine origin. In order of magnitude, geosynclines usually 
range from 100 to several hundred miles in width, and from several 
hundred to several thousand miles in length. 

A typical geosyncline generally lasts through at least several 
geological periods, and sediments pile up in it to a depth of many 

1 C. Schuchert* Bvl Geol. Soc Americay Vol 34, 1923, pp. 211-212. 
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thousands of feet — commonly 20,000 to 50,000 feet. Since 
the strata are of shallow-water origin as proved by coarseness 
of grain of much of the material, character of the fossils, ripple 
marks, mud cracks, etc., and since they pile up to such a great 
thickness, it is obvious that the floor upon which the sediments 
accumulate must subside more or less gradually during the process 
of deposition, and at about the rate of deposition 

The finest large-scale examples of geosynchnes in the his- 
tory of North America were the CordiUeran trough extending 
3000 miles across the western part of the continent, and the 
Appalachian trough extending 2500 males across the eastern part 
of the continent as shown by Fig. 138 Each of these lasted through 
most of Paleozoic time. 

A remarkable fact is that, after long subsidence, a typical 
geosynclinal basin loaded with sediment is subjected to pressure 
at right angles to the axis of the trough, and folded and raised 
into a mountain range. This is because such a geosyncline marks 
a zone of exceptional weakness in the crust of the earth. 

Transgressions and Retrogressions of the Sea 

During our study of the clearly recorded portion of the earth’s 
history we shall find positive evidence of repeated transgressions 
and retrogressions of marine waters over various portions of what 
are now the continental areas. It is beheved that such continental 
seas were comparatively shallow, that is rarely as much as 1000 
feet deep. Since subsidences or elevations of the lands are not 
the only known causes of sea transgressions and retrogressions, 
we shall, in the following pages, refer to submergences and emer- 
gences of the lands unless there is good evidence for more specific 
statement in any case. 

Submergence may be caused either by (1) sinking of the land; 
(2) rise of the sea, or (3) both together. '^Both the lowering of 
the land and the rise of the sea may be due to gradation, to dias- 
trophism, or to the two combined. Gradation is perpetual and in- 
evitable where land and sea exist. ... It has been computed that 
if the earth, in its present condition, were to remain without defor- 
mation long enough for the continents to be base-leveled, the 
deposition of the sediments thus derived in the sea would raise the 
sea-level about 650 feet. This would submerge a large part of 



GENERAL PRINCIPLES — CONCLUDED 


31 


the base-leveled land. . . . Base-leveling implies a nearly undis- 
turbed attitude of the land and sea, and hence in itself favors the 
view that no great deformation affected the continent while it was 
going on.’^ ^ Much submergence of lowlands would take place 
long before such widespread base-leveling had been accomplished. 
Sinking of the land (see below) would of course cause submergence, 
but whether submergence of the land, in any given case, has been 
due only or largely to sinking or gradation or to both is at present 
often difficult or impossible to detenmne, though it is quite certain 
that both processes have often been operative. 

Emergence maybe caused either by (1) rise of the land; (2) low- 
ering of the sea; or (3) both combined. Except rather locally as 
in the cases of mountain-making (orogenic) movements, it seems 
doubtful if there is any good evidence for very considerable actual 
uplifts of extensive land areas thus causing great sea retrogressions. 
On the other hand, the earth is certainly a contracting body with 
its whole surface approaching nearer and nearer to its centre. It 
appears that ^Hhe rigidity of the earth may be such that its outer 
parts are able to withstand for a time the strain set up by contrac- 
tion. As the strain accumulates, it ultimately overcomes the resist- 
ance, and the outer part of the earth yields. If the yielding results 
in the sinking of the ocean basin, the surface of the water is drawn 
down, and the surroundmg lands seem to rise, unless they sink as 
much as the surface of the sea does at the same time. The lowering 
of the sea surface, because of the sinking of the sea-bottom, is prob- 
ably the most fimdamental single cause of the apparent rise of 
the land. The periodic emergences of the continents, alternating 
with periodic submergences in the course of geological history, are 
perhaps to be thus explained. Periodic submergences, on the other 
hand, might be explained by the sinking of the continental segments 
of the earth, or by such sinking combined with the processes already 
referred to which cause the rise of the sea.” ^ 

The idea of periodic or rhythmic recurrence of diastrophic 
forces and events has become an important tenet of historical 
geology. It seems to have been a rule that times of activity — 
often very widespread — have alternated with times of quiescence. 
This is strikingly illustrated, as we shall learn, by the advances 
and retreats of marme waters over large parts of North America 

^ Chamberlm and Salisbury: College Geology, p. 479. 

2 R D. Salisbury: Physiography, Advanced Course, pp. 401-402. 
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during the Paleozoic era. The most profound times of dias- 
trophism, causing widespread emergence of land or great mountain- 
making, mark the close of the geologic eras, while lesser times 
of activity usually mark the close of the periods. 

Geological Maps and Sections 

A geological map shows the areal or surface distribution of 
rock formations or sets of formations. Such a map usually shows 



O so 100 ISO ^OMiles 

Fig. 19 

Geologic map of the Great Lakes region showing the distribution of the rock 
systems at the surface, disregardmg the soil which covers much of the bed 
rock (After U S Geological Survey ) 
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the areas of bed-rock formations as they would appear at the 
surface, were there no superficial covering of loose, incoherent 
materials, such as soils, swamp deposits, etc. The superficial 
materials may be represented on a separate map, or by means 
of a special over-color or pattern on the bed-rock map (Fig. 19). 

The distribution of each formation or set of formations is 
represented on the map by a certain color or pattern. At the 



Fig 20 

Sketch map shelving a structure section at the front, and a landscape beyond. 
(After U S. Geological Survey ) 


border of the map there is a so-called legend which is an explana- 
tion of the colors or patterns (Fig. 19). In the legend the various 
formations or sets of formations are arranged in regular order 
of age, with the oldest at the bottom. In many cases the surface 
distribution of formations, as shown on a geological map, gives 
no real indication of the actual extent of the formations in the 
crust of the earth. Thus extensive formations which have been 
notably tilted or folded may appear as only narrow belts at the 
surface (Fig. 20). 

“In chffs, canyons, shafts, and other natural and artifi- 
cial cuttmgs the relations of the different beds to one another 
may be seen. Any cutting that exhibits those relations is called 
a section, and the same term is applied to a diagram represent- 
ing the relations. The arrangement of the rocks in the earth is 
the earth's structure, and a section exhibiting this arrangement 
is called a structure section. Knowing the manner of forma- 
tion of rocks, and having traced out the relations among the 
beds on the surface, the geologist can infer their relative posi- 
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ions after they pass beneath the surface, and he can draw sec- 
ions representing the structure to a considerable depth. Such 
i section is illustrated in Fig. 20. The kinds of rock are indi- 
5 ated by appropnate patterns of lines, dots, and dashes. These 
lattems admit of much variation, but those shown in Fig. 21 
ire used to represent the commoner kinds of rock.'' (U. S. Geo- 
ogical Survey.) 

A bnef history of the main geological events recorded in their 



Saadstones and con- Shaly sandstones Calcareous sandstones 

glomerates" 



Schists Massive and, bedded Igneous rocks 

Fig. 21 

Symbols used to represent common kinds of rocks 
(After U S Geological Survey ) 

Drder of occurrence in the structure section (Fig. 20) is as follows: 
Deposition of the original material of the schist, metamorphism 
ind folding of the schist, intrusion of the igneous masses, pro- 
found erosion, deposition of shale and limestone upon the eroded 
surface, folding of the rocks especially well shown by the shale 
md limestone, a second interval of erosion, deposition of shale 
md sandstone upon the second eroded surface, uplift without 
leformation, and erosion producing the presen^day landscape. 
A columnar section contains a concise descnption of the for- 
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mafcions which occur in a large or small area as they would appear 
if all piled up in one locality in order of age and in undisturbed 
condition Such a section involves a columnar diagram which 
shows the kinds and order of superposition of the formations, 
and data on either side of the diagram opposite each formation 
giving its thickness, description, age, and usually its name (e.g. 
Fig. 111). Original structures, such as unconformities, are often 
shown, but subsequent structures, such as folds and faults, are 
seldom represented. 


Paleogeography 

Paleogeography literally means “ ancient geography and deals 
with the geographic conditions of the earth during geologic time. 
In making a paleogeographic map to represent North Amenca at 
a given time in its history, the attempt is made to show the rela- 
tions of lands and waters, sometimes with distinctions between 
areas of marine and of continental deposition, location of highlands, 
etc. Until quite recent years there were only crude attempts at 
making such maps for North America, for the knowledge of the 
continent was not sufficient to form a reasonable basis upon which 
to work. Within the last twenty years, however, several sets of 
paleogeographic maps, notably those by Bailey Wiffis ^ and Charles 
Schuchert,^ have been prepared. The maps used in this text 
are in the main based upon data (somewhat modified) from both 
the Willis and the Schuchert maps. The Schuchert maps are 
more numerous and detailed. 

WiUis gives a general statement of the lines of evidence used in 
the construction of his maps as follows: “A certain period having 
been selected as that which should be mapped, the epicontinental 
strata pertaining to that time interval have been delineated. The 
phenomena of se dim entation and erosion have then been corre- 
lated, with a view to determining the sources of sediment and topo- 
graphic conditions of land areas and from these data the probable 
positions of lands have been more or less definitely inferred. Thus, 
certain areas within the continental margin are distinguished as 
land or sea, and these areas may be defined as separate bodies or 
connected according to inferences based upon isolated occurrences 

1 B. WxUis: Jour, Geol , Vol 17, 1909. 

2 C. Schuchert: Bvl Geol Soc, America^ Vol 20, 1910; also Text-book 
oj Historical Geology, 1924 
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or upon later effects of erosion. It is assumed that the great oceanic 
basins and such deeps as the Gulf of Mexico and Caribbean have 
been permanent features of the earth’s surface at least since some 
time in the pre-Cambrian . . . 

^Trom the geographic conditions thus developed, inferences 
regarding the chmate and the life habitats of the time may be 
drawn. If now we turn to the records of paleontology, and com- 
pare the distribution of faunas and floras^ with the conditions 
of distnbution which should result from the inferred physical 
phenomena, we may check the whole hne of reasoning and by 
a readjustment draw a step nearer to the truth. This is the 
method which has been pursued m making the maps of North 

America.” 2 

It should be borne in mind that such paleogeographic maps 
are generalized and rather tentative as regards many details — 
generalized because each map represents a considerable time period 
so that certain more local geographic changes during the period 
are not mdicated, and tentative because of lack of knowledge 
concerning many areas and lack of certainty in the correlation of 
formations in certain other areas. With progress in knowledge 
of the strata, less generalized and more accurate maps will be made. 
Nevertheless the series of maps used in this text will serve to give 
the beginner a very good idea of the broader features in the geo- 
graphic development of our continent. 

Classification of Geologic Time 

We have already shown how, by employing the law of super- 
position of the strata together with the law of included fossils, 
the rock formations of various parts of the earth may be corre- 
lated and bmlt up according to their natural order of age into a 
standard for comparison or a geologic column. The subdivisions 
of the geologic column represent the times when the successive 
rock formations were deposited. Different names have, from 
time to time, been assigned to these divisions, and these names 
are in more or less general use. 

^ The term ‘Tauna” refers to an assemblage of amm ala populating a 
given area dunng a certain epoch In a similar sense the term “flora'' is 
apphed to an assemblage of plants 

2 B WiUis* Jour Geol , Vol 17, 1909, pp 201-202. 
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For a long time the subdivisions of the geologic column were 
made almost solely on the basis of marked differences in fossils, 
but it is now recognized that such differences were, in no small 
degree, caused by corresponding changes in the environment in 
which the organisms hved, or, in other words, by changes in the 
chmate, the topography, the relations of land and sea, etc. So we 
now try to divide the geologic record at the points where the 
revolutionary physical changes are indicated, and to make cor- 
responding divisions of geologic time itself. Thus there are two 
kinds of divisions — one for the rocks themselves, and the other 
for the time represented by the rocks. 

The following time and rock scales have been adopted by the 
International Geological Congress. Immediately following these 
scales, there is presented the table of main geological divisions 
as now recognized in North America. 

Time scale Rock scale 

Era . . . Group 

Period . . . System 

Epoch . ... - . Senes 

Age . Stage 

Table op Main Geological Divisions 
Era and group Period and system 

^ [ Quaternary 

Cenozoic I Tertiary 

f Cretaceous. 

Mesozoic ^ Jurassic. 

[ Triassic. 

Permian. 

Pennsylvanian (Upper Carboniferous). 

Mississippian (Lower Carboniferous). 

Paleozoic Devonian. 

Silurian 

Ordovician. 

^ Cambnan. 

f Keweenawan.^ 

Pbotbrozoic 

Abcheozoic { Archean. 

1 The terms “Keweenawan'^ and ‘‘Huronian’' apply only to the Great 
Lakes region. 
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The names of eras follow a defimte plan depending upon the 
great life stages. Thus Archeozoic means literally “primitive or 
beginning life '' ; Proterozoic means “ earher or less primitive hfe ; 
Paleozoic means “ancient life’’; Mesozoic means “intermediate 
life”; and Cenozoic means “recent life.” The period names do 
not follow such a defimte plan of nomenclature, various ideas 
being represented. These names will be explained when the 
different periods are taken up for discussion. 

Length of Geological Time 

How old are the Archeozoic rocks? If we attempt to answer 
this question in terms of years we encounter real difficulties, 
there being no definitely estabhshed exact standard for such 
measurement or comparison. In any case the time is utterly in- 
conceivable to us, the important thing to bear in nund bemg 
that the great events of well-known earth-history which have 
transpired since the formation of the oldest known Archeozoic 
rocks have required a lapse of at least scores of millions of years. 
Among such events have been the long, slow, generally progressive 
evolution of life; the enormous accumulations of sediments at 
many times and places; the repeated advances and retreats of 
the sea over many parts of the contments; the building up and 
wearing away of mountain ranges at many times and places; 
as well as various other profound changes which have affected 
the face of the earth. On the basis of such geological happenings, 
an exceedingly conservative Tninimum estimate of the age of the 
Archeozoic rocks is 100,000,000 years. 

Measurements of time on the basis of radioactivity run much 
higher. In radioactivity a chemical element of higher atomic weight 
is transformed into one of lower weight. Thus uranium changes 
through successive stages of radium into a certain type of lead. 
The rate of this change is said to be rather accurately known, 
so that the determination of the amount of the special type of 
lead in minerals containing uranium affords a means of ascer- 
taining at least approximately the time when the transformation 
started. Based upon this principle, an age of considerably more 
than a billion years has been assigned to the Archeozoic rocks; 
the Paleozoic era opened more than 500,000,000 years ago; the 
Mesozoic era nearly 200,000,000 years ago; and the Cenozoic era 
at least 50,000,000 years ago. 
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Comparison of Human and Geologic History 

One of the most striking differences between human and geo- 
logic history is the extreme brevity of the one as compared with 
the vast time represented by the other. Human history is to be 
measured by some thousands of years, while geologic history must 
be measured by at least scores of millions of years. A recent event, 
geologically speaking, hke that of the building of the Coast Range 
Mountains, or the carving out of a tremendous canyon like the 
Grand Canyon of the Colorado in Arizona, required some hundreds 
of thousands, if not a few millions, of years. Human history is 
roughly divided into certain ages according to the predominant 
influence of some person, nation, principle, or force. Thus we 
speak of the “Age of Pericles,’^ the “Roman Period,^' the “Age 
of the French Revolution,^’ or the “Age of Electricity.” Geologic 
history is subdivided according to great predominant physical or 
organic phenomena as, for example, the “Appalachian Revolution ” 
(toward the close of the Paleozoic era), the “Rocky Mountain 
Revolution” (toward the close of the Mesozoic era), the “Age of 
Fishes” (Devonian period), the “Age of Mammals ” (Cenozoic 
era). 

Students of earth history, like students of human history, must 
be very careful to make a distinction between events and records 
of events, because by no means all historical events are recorded. 
Events are continuous, while their records are usually much inter- 
rupted and apparently sharply separated from each other. In both 
geologic and human history, times or periods of comparatively 
quiet and slow change have often given way to times of comparar 
tively rapid, to even revolutionary, change. 


Selected General References 

WmLis* Index to the Stratigraphy of North America, Accompanied by a Geo- 
logic Map of North America. Prof Paper 71, U. S Geol. Survey. A 
very comprehensive work with many references and quotations. 

Chamberlin and Salisbury: Geology, Vols. 2 and 3 (Henry Holt and Co., 
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40 HISTORICAL GEOLOGY 

Geikie Text-hook of Geology, Vol 2 (Macmillan Co , 1903) A comprehensive 
Enghsh work with emphasis upon European geology 
Kaysek: Lehrhuch der Geologie, Part 2 (F Enke, Stuttgart, 1912) A com- 
prehensive German work with emphasis upon European geology 
Schaffer* Lehrhuch der Geologie, Part 2 (F Deuticke, Leipsic, 1924) A 
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Haug. Traits de Giologie, Vol 2 (A. Cohn, Pans, 1911) A comprehensive 
French work with emphasis upon European geology 
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Blackwelder Regional Geology of the U mted States of Noi th America (Stechert 
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Scott: An Introduction to Geology, Part 4 (MacmiUan Co , 1907) A fairly 
comprehensive discussion of earth history. 

PrassoN AND Schitchert. Text-book of Geology, Part 2 (John Wiley & Sons, 
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Cleland; Geology, Physical and Historical, Part 2 (American Book Co , 
1916). A fairly comprehensive treatment of historical geology 
Geabau a Text-book of Geology, Part 2 (D C Heath and Co , 1921) A 
comprehensive treatment of historical geology 
Shimer; An Introduction to Earth History (Gum and Co , 1925) Contams 
a brief discussion of historical geology. 

Quieke: Elements of Geology, Part 3 (Henry Holt and Co , 1925) A very 
bnef presentation of historical geology. 

Bradley. The Earth and Its History (Ginn and Co , 1928) Contams a 
bnef presentation of historical geology 

Miller, W J : Geology, the Science of the EartEs Crust (Vol 3 of Popular 
Science Library by P. F. Collier and Son Co , 1922) Contams an ele- 
mentary account of historical geology m popular form. 

Schitchert and Le Verne: The Earth and Its Rhythms (Appleton and Co., 
1927) Contains an elementary account in popular form 
Blackwelder and Barrows: Elements of Geology, Part 2 (American Book 
Co., 1911). An elementary discussion of histoncal geology 
Norton: Elements of Geology, Part 3 (Gum and Co , 1905) A very elemen- 
tary discussion of historical geology. 

Brigham: A Text-book of Geology (Appleton and Co , 1902) Contains a brief 
treatment of historical geology 

Dana. Textbook of Geology, Part 4 (American Book Co , 1897) A bnef dis- 
cussion of earth history. 

Grab ATI : The Principles of Stratigraphy (A. G Seiler and Co , 1913) An 
elaborate account of stratified rocks and their significance 
Twenhofel; A Treatise on Sedirnentation (Williams and Wilkins, 1926) An 
elaborate study of sedimentary rocks and their origin. 



CHAPTER III 


ORIGIN AND PRE-GEOLOGIC HISTORY OF THE EARTH 

If we define geology as the study of the history of the earth 
and its inhabitants as revealed in the rocks, it is evident that the 
problems of the origin and very early development of the earth are 
strictly astronomic rather than geologic. It is generally agreed 
that geological history did not begin till the ordinary earth proc- 
esses, such as weathering and erosion, transportation and depo- 
sition of sediments, etc., began to operate. Since, however, the 
pre-geologic condition of the earth must have gradually given way 
to its geologic condition, it is a matter of interest for the geologist 
to consider the hypotheses regarding the very early development 
of the earth. 


The Solar System 

The sun has a diameter of about 866,000 miles, and a volume 
1,300,000 times that of the earth. Around this central sun eight 
planets — Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus, 
and Neptune — revolve in nearly circular orbits. Three of these 
planets — Mercury, Venus, and Mars — are smaller than the earth, 
while the others are larger, Jupiter being 1,300 times as large. 
The earth is about 93,000,000 miles from the sun and requires one 
year for a trip in its orbit around the sun, while Neptune, the most 
distant planet, is about 2,800,000,000 miles from the sun and re- 
quires 164 years for a revolution about the sun. Each planet also 
rotates upon its axis, the earth accomplishing a rotation every 
twenty-four hours. Most of the planets have smaller bodies called 
satellites or moons revolving about them, such as Earth with its 
one moon, Saturn with eight moons, etc. The sun and the eight 
planets with their satellites, together with a group of many small 
independently revolving bodies called “planetoids,'' comprise the 
solar system. That this solar system constitutes only a very small 
part of the universe is clearly proved by the fact that the nearest 
fixed star is several tnUions of miles from the earth. 
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Some of the well-known facts which any hypothesis of the 
origin of the solar system must explain are as follows: (1) The 
planet orbits are all elhptical, but nearly circular; (2) the orbits 
lie in nearly the same plane; (3) all planets revolve about the sun 
m the same direction; (4) the sun’s direction of rotation is the same 
as that of the planets’ revolution; (5) the planes of the planets’ 
rotation nearly coincide with the planes of their orbits (except 
Uranus and Neptune); (6) the direction of the planets’ rotation 
is the same as that of their revolution; and (7) the satellites re- 
volve in the direction of rotation of their planets (two or three 
exceptions). 

Hypotheses of Eaeth Origin 

Nebular or Ring Hypothesis. — In 1796 Laplace published a 
remarkable work on astronomy, and in its last chapter he put forth 
his now weE-known hypothesis regarding the origin of the solar 
system. He postulated a spheroidal mass of very highly heated, 
incandescent gas or nebula greater in diameter than the present 
solar system, this whole mass rotating in the direction of the revolu- 
tion of the existing planets. Due to loss of heat by radiation, this 
mass contracted and its shrinkage necessardy made it rotate more 
rapidly upon its axis, at the same time causing the centrifugal force 
on its outside to become stronger and stronger. FinaEy the centrif- 
ugal force at the equator became equal to the force of gravity and 
the equatorial portion was left off (not thrown off) as a ring sur- 
rounding the contracting remainder. The materials of the ring 
condensed to form the outermost planet. By continued contrac- 
tion of the rotating nebula, the other rings and planets were formed. 
The satellites were produced in a similar manner by rings left oflE 
by the shrinking planets. 

Briefly, according to this hypothesis, the earth was originally 
highly heated and much larger than now. During its cooling and 
contraction, its original hot and dense atmosphere, which contained 
aE the earth’s water in the form of vapor, graduaUy became thinner 
due to absorption by the earth. When the conditions of pressure 
and temperature were favorable, water vapor condensed to form 
the hydrosphere. The oldest rocks must have been igneous, that 
is they were portions of the original crust formed by cooling of the 
molten globe. 

For over a hundred years the Laplacian hypothesis has exerted 
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a profound influence upon science, philosophy-, and theology, and 
certainly many of the important phenomena of the solar system 
are explained by it. Some serious objections to it may, however, 
be briefly stated as follows: (1) Nearly all existing nebulas are 
spiral and not circular; (2) spectroscopic study shows that these 
nebulas do not consist of gas, but rather of discrete hquid or solid 
particles; (3) the backward revolutions of certain satellites oppose 
the hypothesis; (4) rings could not have been left off, that is there 
could have been no intermit- _________________ 

tent process of the sort; and |=^^s|=||||===s|^a|B|B| 
clear how 

the matter the rings could 
have condensed into 

Planetesimal or Spiral 
H3q)othesis. — remark- 
able fact that, although many 
nebulas are 
there are very few 
examples nebiflas of 

the Laplacian type among 
forms are 
very common, especially the 
smaller ones. Also, as above 
stated, spectroscopic study of ^’ig* 22 

these nebulas shows them to Avery symmetrical spiral nebula in 

be made up of discrete (liquid 

^.1 Observatory. (From Chamberlin 

or solid) particles rather than Salisbury's “Geology,” peimi^ 

of gas. The Planetesimal sion of Henry Holt and Company.) 
hypothesis,^ formulated by 

Chamberlin and Moulton, ‘‘postulates that the matter of which 
the sun and the planets are composed was, at a previous stage of 
its evolution, in the form of a great spiral swarm of discrete par- 
ticles whose positions and motions were dependent upon their 
mutual gravitation and their velocities'^ (Moulton). A nebula 
of this sort comprised a luminous central mass (the future sun) 
from the opposite sides of which two luminous spiral arms streamed 
out with occasional larger masses or knots along each arm, and with 
dark lanes between the arms (see Fig. 22). Also some nebulous 

^ An elaborate discussion of this hypothesis may be found in C hamb erlin 
and Salisbury's Geology, Vol. 2. 
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matter occupied the spaces between the arms. Such a distribution 
of matter in a spiral show’s that the form could not have been 
maintained by gaseous pressure, as in the Laplacian hypothesis, 
but rather by the movements of the separate particles or masses. 
Since these particles are thought to have moved like miniature 

planets, they are called 
planetesimals. Each 
planetesimal is con- 
sidered to have moved 
m its own orbit around 
the central mass The 
planetesimals did not 
move along the arms 
of the spiral, but 
rather crossed them at 
considerable angles 
(Fig. 23). “When we 
see a spiral we do not 
see the paths which 
the separate masses 
have described, but 
the positions which 
they occupy at the 
time. In the present 



Fig 23 


Diagram to illustrate the formation of a spiral 
nebula, S, sun, S', passmg star whose (hrec- 
tion of motion is mdicated by the arrows 
The numbered dotted hues show the paths 
followed by masses pulled out from S by /S'. 
The straight dotted lines are paths which the 
disrupted masses would have followed had 
/S' remained stationary in the respective posi- 
tions indicated (Modified after Moulton 
by W J. M ) 


case (Fig. 23) if a 
smooth curve is drawn 
through the regions 
where the matter is 
densest, it will form a 
sort of double spiral 
as represented by the 
fuU lines” (Moulton) 
The dotted Imes in 


the figure represent orbits of some of the particles or knots. Due 
largely to crossing of orbits, the knots increased in size by a gather- 
ing in or accretion of the planetesimals. Meteors, which now strike 
the earth, are thought to be planetesimals stiU gathering in, though 
very slowly at present. The spiral orbits of the knots (planets) 
gradually gave way to the elliptical orbits due to a sort of wrapping 
up process around the central attracting body (sun). 
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The origin of the spiral is suggested as having been due to the 
disrupting influence of the central body or sun by a passing star, 
the disrupted particles or masses at first mo\ing straight toward 
the passing star, but, because of change in position of the passing 
body, the disrupted masses gradually became pulled around and 
their paths curved into spirals as shown in Fig. 23. In accord- 
ance with the principle of the weU-known tide producing force, 
similar disrupted masses must also have shot out from the opposite 
side of the sun or central body. Finally when the passing star had 
so far gone by as to have largely lost its powder of effectively attract- 
ing the sun, the spiral orbits of the planetesimals gradually became 
coiled into elliptical or nearly circular orbits around the sun. 

Briefly, according to this hypothesis, the earth w^as never a 
highly heated gas and never necessarily more highly heated than 
at present, hence sedimentary as well as igneous materials may well 
be expected among the earhest formed rocks. Instead of a much 
larger original earth, it mcreased in size by accretion of planetesi- 
mals. With increase in size came increase m force of gravity, 
causing compression of the earth^s matter and generation of more 
and more interior heat. Accompanying this increasing pressure 
and heat, gases (including water vapor) were driven out to form an 
atmosphere which gradually became larger and denser. When 
the water vapor had sufficiently accumulated, precipitation resulted 
to initiate the hydrosphere. 


Tabular Summary of Stages of the Earth^s History^ 
9. Cenozoic era 

8. Mesozoic era Sedimentation predominant over vulcanism. 

7 Paleozoic era Higher forms of organisms. 

6 Proterozoic era 


5. Archeozoic era 


f Vulcanism predominant over sedimentation. 

\ Either initial or at least only very simple organisms. 


Nebular hypothesis 
4 Hydrospheric (oceanic) stage. 
3. Lithic (congelation) stage. 

2 Molten stage. 

1. Nebular (gaseous) stage. 


Planetesmal hypothesis 
Initial hydrospheric (oceamc) stage. 
Initial volcanic stage. 

Imtial atmosphenc stage. 

Nuclear (non-gaseous) stage. 


1 Modified after Chamberlin and Salisbury. 



CHAPTER IV 


THE ARCHEOZOIC ERA 

The Oldest Khown Geologic Records. — In earth histoiy, as 
in human history, the recorded events of earliest times are fewest 
and most obscure, and hence the least intelhgible of aU. In spite 
of a certain disadvantage in beginning with the least known part 
of the history of the earth, the only satisfactory method of present- 
ing the subject is “to follow the natural order of events. This has 
the great advantage of brmging out the philosophy of the history — 
the law of evolution’’ (J. Le Conte). The earliest known geologic 
history is recorded in the rocks of the Archean system. While 
it is true that the most obscure records of any rock system are here, 
partly because the original structures of these rocks have generally 
been so profoundly changed (metamorphosed) and partly because 
of the alittost complete absence of well-defined fossil forms, never- 
theless, certain very important conclusions regarding the earliest 
known era of geologic time may be reached through a study of the 
rocks of the Archean system. The present state of our knowledge 
does not warrant the subdivision of the Archeozoic mto two or 
more definite periods or systems. 

General Character and Origin of the Archean Rocks. — “Ar- 
chean Complex,” “Basal Complex,” “Fundamental Complex,” etc., 
are all terms which have been applied to the rocks of the Archean 
system which invariably occupy a basal position with reference to 
all other rock systems. “The Archean system is a crystalline 
complex beneath the base of the determined sedimentary succes- 
sion. . . . The United States Geological Survey has restricted 
the term to a complex of basic and acidic surface and deep-seated 
igneous rocks, of schists and gneisses in part derived from them and 
in part of unknown origin, and of shreds and small masses of meta- 
morphosed sediments, all unconformably below and older than the 
Algonkian sedimentary rocks, which are the lowest series in which 
ordinary stratigraphic methods have been applied. Their Htho- 
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logical variations are many. . . . The Archean as a whole is homo- 
geneous in its heterogeneity.'' ^ 

Briefly stated, the Archean system exhibits the followmg char- 
acteristics: (1) So far as observed, it always shows a profound un- 
conformity or erosion surface at its summit; ( 2 ) its lower limit or 
base has never been determined, and is likely inaccessible; (3) its 
thickness is very great, at least tens of thousands of feet, and 
possibly many miles, (4) its rocks are always ciystalline and usu- 
ally highly metamorphosed and tilted or folded; (5) it comprises 
a most heterogeneous group of rocks, often intimately associated, 
such as lavas and tuffs; shales, sandstones, and limestones which 
have been highly metamorphosed to schists and gneisses, quartz- 
ites, and marbles; some beds of iron ore; and great volumes of 
granite or granitic gneisses; (6) almost invariably igneous rocks 
(granites or lavas) greatly predominate; (7) it rarely, if ever, con- 
tains distinct fossils, though certain evidences of hfe do exist; and 
(8) so far as known it is umversally present at or under the earth’s 
smtface. 

The Archean has been more or less studied in various countries, 
and the above named features always appear to characterize it. 
Caution must be exercised, however, in assigning groups of rocks 
in different regions to the Archean merely because they present 
some or many of these characteristics. Many rocks formerly 
classed with the Archean have been proved to be of later age. If 
rocks with all the characteristics of Archean lie below definitely 
determined (by fossils) Cambrian strata, and are separated from 
the Cambrian by a great series of sedimentary or metamorphic 
rocks (Proterozoic), then we may be fairly certain that the rocks 
belong to the Archean system. If crystalline rocks of Archean 
appearance are directly overlaid by Cambrian strata, or by Meso- 
zoic strata, the crystalline rocks in the first instance may be either 
Archeozoic or Proterozoic, and in the second instance of any age 
preceding the Mesozoic era. 

Subdivisions of the Archean System. -I^Wherever studied the 
Archean appears to be separable into two rather distinct groups 
or classes of rocks, namely, (1) a volcanic and sedimentary series, 
and (2) a plutonic series. ) 

^The volcanic and sedimentary series is largely composed of 
metamorphosed lava flows and volcanic tuffs; some massive igne- 
1 Van Hise and Leith: U. S. Qeol. Survey Bull., 360, p. 26. 
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ous rocks; and more or less schist, gneiss, quartzite, marble, and 
some iron ore, representing all the common types of sedimentary 
rocks in a highly metamorphosed condition. In the Lake Superior 
district this series is called the Keewatin, and in eastern Canada 
and the Adirondacks the Grenville. 

The Keewatm is essentially a metamorphosed volcanic senes 
of lavas and tuffs associated with minor amounts of metamorphosed 
strata, inainly black slates and schists. ""The thickness of the 
Keewatin (both volcanic and sedimentary) varies from several 
thousand feet to over 20,000 feet. It outcrops over a wide area. 

The Coutchiching is a very ancient sedimentary series which 
has been metamorphosed into mica schist.) In Canada, a little 
west of Lake Superior, it is said to be several thousand feet 
thick. Its exact relation to the Keewatm is still a problem. 
In any case it is very closely related to, and seemingly con- 
formable with, the Keewatin. 

^ On the north side of Lake Huron, the oldest Archeozoic 
rocks seem to be schists, representing mainly metamorphosed 
volcanic rocks. Resting upon the schist is a great, widespread, 
sedimentary senes, thousands of feet thick, made up largely of 
quartzites, slates, and schists. This so-caUed Sudbury series 
is of pre-Huronian age and, therefore, probably best to be re- 
garded as of Archeozoic age.j 

The Grenville is widespread in southeastern Ontario, south- 
ern Quebec, and the Adirondack Mountains of northern New York. 
It is essentially a sedimentary series many thousands of feet 
thick (maximum, possibly 90,000 feet), consisting largely of 
schists, quartzites, and crystalline limestones representmg highly 
metamorphosed shales, sandstones, and limestones. ^(Some altered 
igneous rocks seem to be contemporaneous with the strata. ^^The 
Grenville strata have been so profoundly changed from their 
original condition that certain of the highly sedimentary features 
have been completely obhterated. Thus the absence of water-worn 
particles and fossil shells, both of which are so characteristic 
of ordinary strata, is due to complete crystallization (met- 
amorphism) of the GrenviUe strata since their deposition.) There 
are, however, certam proofs of the sedimentary origin of the 
Grenville. The fact that these rocks commonly occur in altemat- 
ing layers, which stand out in sharp contrast because of marked 
differences in composition and color, furnishes strong evidence 
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that this distinct banded effect is due to differences in original 
sedimentation (Fig, 24) . " A great mass of igneous rock is gener- 
ally charactenzed by more or less homogeneity throughout; 
a mass of typical sediments, on the other hand, is arranged in 
distinct layers, such as shale, sandstone, or limestone which 
show frequent differences in composition. In the Grenville 
there are extensive beds of limestone, and such rocks could not 
have been of igneous origin. ... In some places the strata are 
so filled with graphite flakes that the mineral is mined. Carbon 
existing under such conditions is doubtless of organic origin 
and represents (in crystallized form) the final stage in the decom- 
position of organisms which lived in the waters while the Gren- 
ville strata were being deposited ” ^ 

The plutonic series consists of tremendous masses of deep- 
seated igneous rocks which are mostly red to gray granites, often 
of different ages, and at times with more basic syenitic to even 
gabbroic facies. A most important feature of this series, called 
the Laurentian in the Lake Superior district and in eastern Canada, 
is the fact that it is invariably intrusive into the first or lava- 
sedimentary series. Thus as regards actual position in the earth^s 
crust, the Laurentian rocks generally lie under or within the 
Keewatin or the Grenville, but smce the contact is clearly an in- 
trusive one, the law of superposition cannot here be applied for 
relative age determination. 

The following tabular summary will serve to make clear the 
subdivisions of the Archeozoic and their relation to the Proterozoic 
in a portion of North America where the pre-Cambrian rocks 
have been most carefully studied. 



Lake Superior Region 

L( he Huron Regum ® 

Proterozoic 

Huronian 

(Great unconformity) 

Huronian 

(Great unconformity) 


Laurentian gramte 
(Intrusive into Keewatin) 

Gramte 

(Intrusive into Sudbury) 

Archeozoic 

Keewatin and 
Coutchichmg 
(Volcanic and sedi- 
mentary) 

Sudbury (and Grenville 
farther east) 
(Sedimentary) 
Schist-volcamc complex 


^ W. J. Miller: The Geologtcdl History of New York State^ pp 29-^0 
® Classification according to W. Hr Collins, with the exception of the 
Grenville, 
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Correlation of Archean Rocks. — Because of the complete 
absence of satisfactory methods of correlation, pre-Cambrian 
rocks in one region cannot certainly be regarded as equivalent to 
those in another region separated from it. Thus the Grenville 
of eastern Canada cannot at present be certainly correlated with 
the older pre-Cambrian of the Lake Superior region, though 

considerable evidence 
points to such a cor- 
relation. If this be 
true, it is evident that 
the whole of the Pro- 
terozoic is absent 
from eastern Canada 
and the Adirondacks, 
where Upper Cam- 
brian strata rest upon 
Grenville and Lau- 
rentian. 

It must be remem- 
bered that the Arch- 
eozoic represents a 
vast length .of time. 
In fact the Archeo- 
zoic era may have 
been longer than all 
Fig 24 subsequent time, par- 

Archean (Grenville) metamorphosed strata m ticularly if the Plane- 
the central Adirondacks Note the distinct tesimal hypothesis be 
stratification. (Photo by the author ) accepted, because, ac- 

cording to that view, 

volcanic extrusions with gradually increasing accumulation of 
sediments might weU enough have taken place long before the 
earth had attained anyi^hing like its present size. Realizmg the 
great thickness of rocks and long time which the Archean pre- 
sents, it scarcely seenos probable that its base, or even the base of 
that portion which carries sediments, is anywhere exposed to 
view. Bearing these things in mind we also see that though in 
many regions rocks may be confidently referred to the Archean 
system, nevertheless, such rocks may reaUy represent vast age 
differences within that system. 
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Close of the Archeozoic (Laurentian Revolution). — As al- 
ready stated, the Keewatm and Gremnlle senes of strata and 
volcanic rocks have been intruded by great volumes of Archeo- 
zoic granite and other plutonic rocks/ This is true throughout 
much of the vast Canadian-Great Lakes area of the Archeozoic 
rocks. In fact much of the rock of this area consists of this so- 
called Laurentian granite. Large masses of the granite magma 
broke into the Keewatin-GrenviUe series, often more or less inti- 
mately penetratmg or mjecting them, while other large masses 
cooled and consolidated underneath the older rocks. Great uplift 
and more or less foldmg accompanied the magmatic invasion, 
probably causing the development of more or less well-defined 
mountain ranges. In the present state of our knowledge, however, 
we cannot give any details in regard to the size or position of 
these ranges. Next followed a long interval of profound erosion 
whereby the region was worn down to a lowland approaching a 
peneplain. 

That the events just mentioned took place before the oldest 
Proterozoic strata were laid down in the region is amply proved 
not only by the fact that the more or less tilted and folded Archeo- 
zoic strata were deeply cut into and leveled, but also by the 
fact that the Laurentian granite, which had cooled far below 
the surface, was extensively laid bare by erosion before the earliest 
Proterozoic strata were deposited upon the old eroded surface. 

Not only in the Canadian region, but wherever the Proterozoic 
rocks have been found resting upon the Archeozoic, the two sets 
of rocks are separated by a profound unconformity representing 
a very long interval of erosion, as for example in the depths 
of the Grand Canyon of Arizona. Evidently North America stood 
well above the sea for a long time, and was nearly leveled by 
erosion, before the oldest known Proterozoic strata were laid 
down. 

Distribution of the Archean. — So far as known, Archean 
rocks appear to be universally present at or below the earth's 
surface. If this be true, and all evidence strongly favors such a 
view, it is a most remarkable characteristic of the Archean, since 
no other rock system has such a distribution. 

A rock formation may be so distributed in the earth's crust as 
to be present (1) at the surface where mere superficial deposits, 
such as mantle rock, glacial drift, etc., are disregarded; (2) xmder 



52 


HISTORICAL GEOLOGY 


cover of later rocks, but where its presence is certainly known from 
surface observations, well borings, etc , and (3) under cover of later 
formations, but where its presence cannot be definitely proved. 
Considering all regions which have been geologically explored. 



Fig. 25 

Map showing the surface distribution of pre-Cambrian (Archeozoic and 
Proterozoic) rocks in North America Largest area shown by dotted 
pattern; smaller areas by sohd black. (Modified by W. J M, after 
Wilhs, IF. S. Geological Survey.) 
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the Archean is estimated to appear at the surface over about one- 
fifth of the land area of the earth. 

On the accompanying map (Fig. 25) the surface distribution 
only of pre-Cambrian rocks in North America is shown. Most 
of these areas contain more or less Archean. The map shows the 
greatest area of pre-Cambrian rocks in North America to be 
around Hudson Bay. This vast area of fully 2,000,000 square 
miles consists mostly of Archean. Among the pnncipal smaller 
areas containing more or less Archean are those of Newfoundland, 
New England states, Adirondack Mountains, Piedmont Plateau 
district, Michigan, Wisconsin, Minnesota, and numerous small 
areas in the Rocky Mountam district (including Alaska) and 
westward. In drilling deep wells m many places, particularly 
in the upper Mississippi VaUey, rocks of the pre-Cambrian com- 
plex have been encountered, and so we may be confident of the 
presence of Archean under cover of thousands of square miles 
of later rocks. These facts of distribution, together with the 
fact that wherever erosion has gone deep enough the Archean 
never fails, leave little room for doubt concerning the universal 
presence of the Archean in North America. 

Foreign Archean. — Judging by exposures along its borders, 
Greenland appears to be largely occupied by Archean rocks. 

The Highlands of Scotland show one of the most clearly 
exposed areas of Archean in the world, and detailed studies have 
shown it to be remarkably like that of the Lake Superior region. 

Scandinavia exhibits the largest area of Archean rocks in 
Europe, and considerable study has shown the rocks to be very 
similar to those of North America. 

Archean rocks are also known in Finland, France, Bavaria, 
Bohemia, Spain, India, Austraha, China, and Japan. 

Life and Climate of the Archeozoic Era. — If the term “Arche- 
ozoic” is properly applied, rocks of that age should show the 
earliest evidences of hfe. Certain beds of graphite; beds of 
iron ore which were derived from carbonates; the uncommon 
occurrence of numerous flakes of graphite in certain Archean 
schists, gneisses, and crystalline limestones; and the very existence 
of the limestone itself, altogether quite certainly imply the exist- 
ence of life in Archeozoic time. Limestone has sometimes been 
of chemical origin, but the presence of clearly bedded graphitic 
schists and crystallme limestones in a distinct sedimentary series 
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almost certainly shows the influence of organisms in the produc- 
tion of both the graphite and the limestone. 

Fossil forms of low-order single-celled plants (Algae) have 
been reported recently from the Archeozoic rocks of Minnesota. 
With this possible exception, nothing like determinable fossil 
forms have been found in Archean rocks, and even if such ever 
were present they must have been almost entirely obhterated by 
the intense metamorphism to which the rocks have been subjected. 
In the hght of the evolution which took place during much better 
known geologic time, it is quite certain that the Archeozoic or- 
ganisms must have been much simpler forms than those of the 
early Paleozoic which, in turn, were much simpler than those of 
the present day. 

All we can say about Archeozoic climate is that, during some of 
the time at least, it was favorable for the existence of hfe and for 
ordinary geologic processes such as erosion and sedimentation. 

Economic Products. — Iron ore in workable beds occurs m the 
Archean of the Lake Superior district. 

Granting the Archean age of the Grenville series, it contains 
valuable marble deposits as at Gouvemeur in northern New York. 

Granites intrusive into the Grenville contain rich magnetite 
deposits in northern New York. 

The cobalt and mckel deposits of Ontario, Canada, are, in 
part at least, associated with Archean rocks. 



CHAPTER V 


THE PR0TER020IC ERA 

The Proterozoic era, represented by the Proterozoic group of 
rocks, includes the time between the Archeozoic and the earliest 
Paleozoic (Cambnan) period, the Cambrian system comprising 
the oldest known rock system with abundant fossils. 

Great Unconformity between the Archeozoic and Proterozoic 
Groups. — As already stated, wherever observations have been 
made under favorable conditions, the summit of the Archean 
complex appears to be marked by a profound unconformity. Such 
an unconformity, however, cannot be universal because the very 
fact of extensive erosion of certain areas imphes the deposition of 
the eroded sediments in other areas. Such sediments, if found, 
would contain the records of the time interval indicated by the 
great unconformity. So far at least, this sedimentary record has 
not been brought to light, probably either because (1) these sedi- 
ments were deposited in ocean basins not since exposed as dry 
land; or (2) these sediments are not at present exposed to view 
because concealed under later formations; or (3) these sediments 
have not been recognized as such. Also it is not at all unlikely 
that some or even many of these sedimentary areas may subse- 
quently have become land areas so that, as a result of erosion, more 
or less of the sediments were again removed to again be deposited 
as Proterozoic or later sediments. Future researches may bring 
to light some of the now ^^lost records*' which represent the great 
imconformity or time gap between the Archeozoic and Proterozoic- 

General Character and Origin of the Proterozoic Rocks. — 
Emphasis should be placed upon the fact that the Proterozoic was 
the first era during which ordinary processes of weathering, erosion, 
and deposition of great series of strata became dominant processes, 
such processes having been dominant ever since. Judging by the 
records, the Proterozoic, on one hand, was marked by less igneous 
activity than the Archeozoic, while, on the other hand, it was 
marked by distinctly more igneous activity t h an any subsequent 
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era. In this respect, therefore, the Proterozoic was transitional 
in character. 

"'The Algonkian ^ system as this term is used by the United 
States Geological Survey, includes sedimentary formations and 
their metamorphosed equivalents with associated igneous rocks 
beneath the Cambrian and resting upon the Archean complex. 
It includes the greater part of the sedimentary rocks of pre-Cam- 
brian age and practically all to which present stratigraphic methods 
have been found to apply, though it contains also sedimentary 
rocks so deformed and metamorphosed that their stratigraphy is 
obscure . . . The Algonkian sediments are known to contain a 
few fossils, representing the earliest forms of (animal) life yet 
found.’’ 

An important feature, especially of the later Proterozoic rocks, 
is the frequent presence of great series of non-metamorphosed 
strata which are therefore the oldest known unaltered strata of the 
geologic column. Such strata include aU common types of sedi- 
mentary rocks as conglomerates, sandstones, shales, and limestones 
Basal conglomerates, which were derived from the lands over 
which the Proterozoic seas at various tunes spread or transgressed, 
are frequently found at the bottoms of the great sedimentary series. 
Other great senes of Proterozoic rocks of undoubted sedimentary 
origin are more or less metamorphosed to schists, quartzites, and 
crystallme limestones. The earhest Proterozoic sediments were 
denved from exposed portions of the Archean, while later Protero- 
zoic sediments may have been derived either from exposed Ar- 
chean or older Proterozoic. That the processes of sedimentation 
during the Proterozoic era were essentially the same as those 
of today is clearly proved by the very character of the sedi- 
ments, the typical stratification to even lanunation, shaUow-water 
marks, etc. 

Beside the sedimentary deposits, there is much igneous rock 
both in the forms of intrusions into the sediments and as extru- 
sions or lava-flows. In the latest (Keweenawan) Proterozoic rocks 
of the Lake Superior district lava flows or beds predominate over 
sediments, while, in the older Proterozoic, igneous rooks (either 
intrusive or extrusive) may locally predominate. 

^ The term “Algonkian,” referring to an Indian tribe of the Great Lakes 
region, was for some time, and still often is, apphed to the group of rocks now 
more generally and satisfactorily called Proterozoic 
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In addition to the frequent metamorphism, the Proterozoic 
rocks have often been subjected to great deforma tive movements in 
the earth crust so that the rocks have either been tilted or highly 
folded. Sometimes they have been infolded among the Archean 
rocks. 

Subdivisions of the Proterozoic. — In many re^ons where 
detailed studies have been made, the Proterozoic group may be 
subdivided into from two to four senes separated by distinct 
unconformities. In some places only one series has been recog- 
nized. At present no such subdivision into series has a world- 
wide or even continent-wide application. General each of these 
series shows a thickness of at least a few thousand feet, while the 
whole Proterozoic group has a maximum thickness of many thou- 
sands of feet, or, accordmg to some estimates, at least ten miles m 
the Lake Superior district. These subdivisions or series of Pro- 
terozoic rocks will perhaps be best understood by briefly describing 
a few of the better known regions. 
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tinct, largely sedimentary series separated from each other by un- 
conformities, and named Lower Huronian, Middle Huronian, Upper 
Huronian (Animikian), and Keweenawan (Fig. 26). At some 
localities not all of these series are represented. The relations of 
these series to each other and to the Archeozoic below and Pale- 
ozoic above are brought out in the accompanying tabular arrange- 
ment. As indicated by the unconformities, the deposition of 
each series was succeeded by emergence of the region accompanied 
by erosion, and this in turn followed by submergence accompanied 
by deposition of the next series. Such repeated changes of relative 
level between land and sea, as here recorded for Proterozoic time 



Fig 26 


Diagram showmg the principal subdivisions of the Proterozoic and their re- 
lation to the Archeozoic m the Lake Superior district AR, Archean; 
Hf Huronian; A, Ammikian; Kj Keweenawan (From Chamberlin and 
Salisbury's Geology,” permission of Henry Holt and Company ) 

are among the most common and important phenomena of geo- 
logic history. 

The Huronian rocks are principally quartzites, slates, schists, 
limestone (usually dolomitic), and some conglomerates and beds 
of iron ore, aU of which are metamorphosed sediments. Locally 
some of these beds have not been metamorphosed. Considerable 
masses of igneous rock, some intrusive and some lava flows, also 
are included among the Huronian rocks. The Lower and Middle 
Huronian are usually much more metamorphosed and folded than 
the Upper, the latter being at times scarcely at all deformed or 
metamorphosed. Estimates show the aggregate (maximum) 
thickness of the Huronian rocks to be no less than two or three 
miles. 

The Keweenawan, or latest Proterozoic series, is characterized 
by a great preponderance of lava beds which constitute the lower 
portion of the series; are prominent in its middle portion; and are 
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practically absent from the upper portion. Some idea of the stu- 
pendous and continuous volcanic activity of Keweenawan time 
may be gained from the fact that lava sheets, mostly not over a 
hundred feet thick each, accumulated to a depth of at least five or 
six miles. Between some of the later lava sheets, thin beds of 
sediment were deposited, while the upper part of the Keweenawan 
consists altogether of sediments, chiefly conglomerates and sand- 
stones. The sediments are estimated to have a thickness of about 
three miles, so that the whole Keweenawan series must be some 
eight or ten miles thick. 

Large bodies of granite intruded the Keweenawan and older 
rocks in various parts of the Great Lakes region prior to the 
opening of the Paleozoic era. This has been called the KiUamey 
granite. 

Lake Huron Region. — On the north side of Lake Huron ac- 
cording to CoUins,^ Huronian strata, 12,000 to 30,000 feet thick, 
are separated by an unconformity into a lower (Bruce) series and 
an upper (Cobalt) series. Both series are moderately metamor- 
phosed and consist of quartzites, conglomerates, and limestones. 
The Huronian here[rests upon profoundly eroded Archeozoic granite 
and is overlain, or cut by, the Keweenawan igneous series. Con- 
siderable bodies of late Proterozoic (Eullamey) granite intrude 
all the formations just mentioned. 

Rocky Mountain Region. — Perhaps the largest known area of 
Proterozoic rocks in North America is that in the Rocky Mountains 
of the northern United States and southern British Columbia. 
These rocks generally rest upon eroded Archean and they are 
overlain unconformably by Cambnan or stiU younger strata. 
This unconformity may more precisely be called a disconformity 
because the Cambrian and underlying eroded Proterozoic strata 
usually have parallel or nearly parallel stratification surfaces. 
The rocks consist mostly of quartzites, sandstones, shales, and 
limestones, associated with remarkably little igneous rock. Their 
thickness is usually two to five miles. Some of the strata (in 
Montana) contain fossils. In central Montana at least the Proter- 
ozoic strata appear to have been upturned, folded, and somewhat 
eroded before the deposition of the Cambrian. At present no 
satisfactory widespread subdivision of these rocks has been deter- 
mined. 

1 W. H, Collins: Cfeol. Surv. Canada, Mem 143, 1925, p. 16. 
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Fig. 27 

Proterozoic limestone in Goathaunt Mountain, Glacier National Park. 
The chff IS 1200 feet high. (After B. Wilhs, U S Geological Survey ) 
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In Glacier National Park a great 
series of practically unaltered Pro- 
terozoic strata at least two miles 
thick forms a vast block which has 
been thrust-faulted over Mesozoic 
strata. In the Rocky Mountains 150 
miles south of Glacier Park, a num- 
ber of Proterozoic sedimentary for- 
mations, grouped under the term 
“Belt series,’' reach a total thickness 
of over 20,000 feet. The lower por- 
tion of this senes has been largely 
metamorphosed into schist and 
quartzite, while the upper portion is 
mainly unaltered shale, sandstone, 
and limestone. 

Grand Canyon of the Colorado. — 
In the Grand Canyon of the Colorado 
River, there are excellent exposures 
of Proterozoic rocks with their rela- 
tions to the Archeozoic and Paleozoic 
well exhibited (Fig. 29). The Archean 
rocks, comprising granites, schists, 
and gneisses, were profoundly eroded 
before the immediately overlying Pro- 
terozoic rocks were deposited. These 
Proterozoic rocks, resting unconf orm- 
ably upon the Archean in the depths 
of the canyon, consist of two impor- 
tant formations. The lower one, 
nearly 7000 feet thick, is mostly 
sandstone and shale with some sheets 
of lava. The upper formation, separ 
rated from the lower by a slight uncon- 
formity, is over 5000 feet thick, and 
it is made up of shales, sandstones, 
and limestones. Both formations are 
tilted, and they are separated from 
the pverlying Cambrian strata by 
an unconformity. 
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California. — In the White Mountains of middle-eastern Cali- 
fornia, there is a series of several stratified, somewhat meta- 
morphosed formations consisting of dolomitic limestone, quartz- 
ite, sandstone, and slate, several thousand feet thick. These 
formations are considerably folded, and they he unconformably 
below Lower Cambrian strata. 

Correlation of Proterozoic Rocks. — The statements made re- 
garding the difiSculties of correlatmg the Archean rocks apply al- 
most equally well here. Because Proterozoic rocks are more largely 
and distinctly sedimentary, and usually not so severely metamor- 
phosed; usually separated into series by well-defined unconform- 
ities; and have fossils gradually coming to light in certain of the 
uppermost series, they afford a little more satisfactory basis for 
applying ordinary stratigraphic methods of correlation than do the 
Archean rocks. Remarkable similarities such as exist between the 
Lake Superior and Grand Canyon Proterozoic series are highly sug- 
gestive of correlation, though far from actually demonstrable at 
present. Lithologic and structural similarities alone are not safe 
methods of correlation. Future studies, however, are quite likely 
to yield satisfactory results in some cases at least. 

Not only the general lack of fossils, but also the vast length of 
time of the Proterozoic era, are great difficulties in the way of 
correlation. Considering the time necessary for the deposition of 
the tremendous thickness of Proterozoic rocks, and the several 
long unrecorded time intervals, it seems reasonable to believe that 
the Proterozoic era was fully as long as the Paleozoic. Hence two 
similar series of Proterozoic rocks resting directly upon the eroded 
surface of the Archean in widely separated regions may in reality be 
far different in age because the Archean in one region may have 
remained unsubmerged very much longer than m the other. Or 
again, a Proterozoic series of one district may actually have been 
deposited during a time represented by an unconformity in another 
district. 

Close of the Proterozoic (Killamey Revolution). — The Pro- 
terozoic era seems to have closed with North America all land, 
wider than at the present time, but not nearly so high on the 
average. 

Canadian geologists have recently presented evidence to 
show that a mountain range at least 700 miles long, with a nearly 
east-west trend, was formed from Minnesota throu^ northern 
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Wisconsin and Michigan to southwestern Quebec. Late Protero- 
zoic and older rocks were there folded, uplifted, and intruded with 
granite before Cambrian strata were laid down upon the eroded 
edges of the Proterozoic. This range, called the Killarney Moun- 
tains, IS probably the oldest known definitely located mountain 
range on the continent. 

It is quite certain that there were late Proterozoic upturnings 
and uphft of strata elsewhere, as in the Grand Canyon region of 
Arizona, but as yet we have no accurate data in regard to the 
dimensions and trend of the resulting mountains. 

Distribution of the Proterozoic. — As already stated, perhaps 
the largest Proterozoic area in North America is that of the Rocky 
Mountains in the northern Umted States and southern British 
Columbia. The well-known Lake Superior distnct of Proterozoic 
is also of large extent. There are considerable areas in eastern Can- 
ada west of Hudson Bay, and smaller areas in Newfoundland, 


Nartft 



Fig 30 


North-south structiue section 45 miles long on the north side of Lake Huron 
Vertical scale greatly exaggerated Aa = Archeozoic schist; Ag — Archeo- 
zoic gramte; B. = Huronian strata (Bruce and Cobalt series, separated by 
unconformity) restmg by unconformity upon Archeozoic rocks, black 
bands = Keweenawan basic mtrusive igneous rocks; K — late Proterozoic 
(KiUamey) granite; and 0 = Ordovician marme strata. 

The prmcipal events recorded in this section are as follows: Archeozoic schist 
mtruded by much Archeozoic (Laurentian) granite; profound mterval of 
erosion; deposition of Bruce strata, erosional mterval, and deposition of 
Cobalt series; mtrusion of basic igneous rocks into the Cobalt strata; mtense 
foldmg in late Proterozoic time, still later intrusion of the Keweenawan 
(Killarney) granite; long mterval of erosion; and deposition of Ordovician 
strata in the sea. (Section modified after W H CoUms, (]reological Sur- 
vey of Canada.) 

Nova Scotia, the Piedmont Plateau, at several places in the Mis- 
sissippi Basin, Texas, Arizona (especially in the Grand Can- 
yon), Nevada, eastern California, and at various places in the 
Rocky Mountain system throughout the United States and 
Canada. 
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Foreign Proterozoic. — Proterozoic rocks are thought to exist in 
all continents. In the Highlands of Scotland, the Torndon sand- 
stones and shales, about 10,000 feet thick, are quite certainly of 
Proterozoic age, since they he unconformably between the Archean 
complex below and well-defined Cambrian above. 

The large pre-Cambnan rock area in Scandmavia, which in 
many respects is similar to that of Scotland, also contains consid- 
erable bodies of sediments (at least 10,000 feet thick) of Pro- 
terozoic age. As in the Lake Superior region, iron ore occurs in 
some of the Swedish Proterozoic. 

In Finland, France, Germany, Spain, and probably in India 
and Brazil, Proterozoic rocks are known. 

It should be noted that in several of the foreign countries 
there appears to be a division of the Proterozoic group into at 
least two series separated by unconformities. 

Life and Climate of the Ihroterozoic Era. — As has been men- 
tioned, determmable fossils have been found in the upper Protero- 
zoic rocks of Montana and the Grand Canyon of the Colorado. 
These fossils include Algae, Bacteria, Worm tracks, Sponges, and 
fragments of Crustaceans. In Europe a few similar fossils have 
been found. Recently the discovery of Radiolanans in the Proter- 
ozoic rocks of France has been reported. “The traces of pre- 
Cambrian (animal) life, though very meager, are sufficient to indi- 
cate that the development of life was well advanced long before 
Cambrian time began. . . . StratigraphicaRy, this fragment of 
what must have been a large fauna occurs over 9,000 feet beneath 
an unconformity at the base of the upper portion of the Lower 
Cambrian in northern Montana.” ^ More and stiU older forms are 
quite likely to be discovered, though the remains thus far found are 
those of very thin-shelled animals and hence not so favorable for 
fossihzation. Most ani m als of the time were probably without 
shells or other hard parts. 

Very recently Walcott has described a number of species of 
calcareous Algae from the Belt series (Proterozoic) of Montana 
and one (discovered by Lawson) from a Huroman limestone of 
western Ontario, these being the oldest known well preserved 
fossils. These Algae were very simple plants (Thallophytes) which 
hved in water. They were hemispherical or cyhndrical bodies 
which secreted crudely concentric layers of carbonate of hme 
^ C. D Walcott: Jour. Geol.j Vol 17, 1909, p. 196, 
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from 1 to 15 inches in diameter They occur in distinct beds 
through hundreds or even thousands of feet of Proterozoic lime- 
stones. Walcott has also described what seem to be fossil Bac- 
tena, which are single-celled, tiny plants, from the late Protero- 
zoic rocks. 

Graphite and carbonaceous material so often disseminated 
through the shales and schists almost certainly indicate the ex- 
istence of hfe. Likewise 
beds of limestone (even 
near the base of the Pro- 
terozoic) and iron ore are 
rarely ever known to have 
been formed except 
through the agency of or- 
ganisms. 

Since the great masses 
of Proterozoic sediments 
are of qmte the usual sort 
like those formed in later 
eras, and since hfe surely 
existed, we can be certain 
that the chmate of the 
time was favorable for the 
operations of ordinary 
geologic processes and 
hence not fundamentally 
different from that of com- 
paratively recent geologic 
time. 

According to a discov- 
ery made a few years ago, there is positive evidence for consid- 
erable glaciation in Canada during early Proterozoic time. Con- 
glomerate beds at the base of the Huronian are regarded as of 
glacial origin since there are angular and subangular boulders of 
all sizes up to cubic yards, enclosed in an unstratified matrix. 
These boulders are often miles from any possible source. Re- 
cently, striated stones have been broken out of their matrix in 
the Lower Huronian of the Cobalt-Silver region, giving still 
stronger proofs that the formation is ancient boulder clay.”^ 

1 A. P. Coleman: Jour. Geol^ VoL 16, p. 149, 



Fig 31 

A Proterozoic Alga from Glacier National 
Park, Montana, Diameter, 4 inches. 
(Photo by the author.) 
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This glacial deposit has been found at vanous places within an 
area of thousands of square miles north of Lake Huron. A climatic 
condition favorable for glaciation so early in the earth’s history is, 
to say the least, distinctly opposed to ideas of climate of such 
early geologic time based upon the Laplacian hypothesis of earth 
origm. 

Economic Products. — The greatest iron mining region in the 
world IS the Lake Superior district in Minnesota, Michigan, and 
Wisconsin. Some of these iron ores are m the Archean, and some 
in the older Huronian rocks, but the principal deposits are in the 
Upper Huronian. These iron ores occur as thick beds in the sedi- 
mentary series. Often the iron ore deposits have been enriched 
by the work of underground waters. The Lake Superior district 
produces many millions of tons of iron ore, or far more than the 
production of any foreign country. 

The greatest deposits of native copper in the world are in the 
Keweenawan series on Keweenaw Point, Michigan. Copper has 
been found in small quantities in the lava beds, and underground 
waters have dissolved out this copper and deposited it in more 
concentrated form in fissures and opemngs of the rock, and also in 
porous conglomerates. Immense quantities of native copper have 
been mined here during the past fifty years. 
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CHAPTER VI 

THE CAMBRIAN PERIOD 

The Cambrian represents the earliest period of the great Pal- 
eozoic era, and the rocks which make up the Cambrian system 
include the oldest known of the normal fossiliferous strata. Since 
these strata are the oldest which carry abundant organic remains, 
it follows that they are the earliest formed rocks to which the ordi- 
nary methods of subdividing and correlating rock masses can be 
applied. From the Cambrian on, the legible records of events of 
earth history are far more abundant and less defaced than those of 
pre-Cambrian time. From now on we shall be able to trace the 
changing outlines of the relief features of the continents and the 
evolution of organisms with some degree of definiteness and satis- 
faction, though a vast amount of work yet remains to be done both 
as regards discovery of new records and the interpretation of 
records old and new. 

Origin op Name, Subdivisions, Etc. 

The oldest Paleozoic rocks were first carefully studied independ- 
ently in the British Isles by the two able geologists, Sedgwick and 
Murchison, before the middle of the nineteenth century. Murchi- 
son applied the name ‘‘Silurian’’ to the great series of oldest 
fossiliferous strata and divided them into Lower and Upper 
Silurian. Sedgwick, however, considered that the very oldest 
fossil-bearing rocks should be separately designated, hence his 
application of the term “Cambrian,” from Cambria an old Latin 
name for a part of Wales. The Cambrian is now recognized the 
world over as the oldest Paleozoic system. 

In North America a threefold subdivision of the Cambrian 
system is recognized as follows: 
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General 

New York-New England 

Upper Cambnan 

f Ozarkian 
\ Croman 

Little Falls 

Potsdam 

Middle Cambnan 

Acadian 

Acadian 

Lower Cambrian 

Waueobian 

Taconian 


In the typical regions these strata are superposed one above 
the other m regular order without unconformity, but careful study 
has shown that, passing upward in the system of strata, there is 
a gradual change in the character of the fossils, particularly the 
Tnlobites which are so common and widespread in the rocks. Thus 
the Lower Cambrian strata are generally characterized by the 
Trilobite genus Olenellus, with its various species, and this charac- 
teristic assemblage of Tnlobites is called the Olenellus fauna. This 
does not mean that Olenellus invariably occurs in Lower Cambrian 
strata, or that other genera of Tnlobites and other fossils may not 
be present. In a similar way the Paradoxides and the Dikello- 
cephalus faunas are the chief characteristics of the Middle and 
Upper Cambrian respectively. Such stages or hfe zones in the 
geologic column are commonly referred to as horizons. It should 
be made clear that the genus Olenellus became extinct before the 
Middle Cambnan strata were deposited; the Paradoxides dis- 
appeared before the Upper Cambrian was deposited; and the 
DikeUocephalus before the deposition of the succeeding Ordovi- 
cian strata, though it is not meant that sharp lines separate these 
faunas. Thus each of the faunas becomes an important geologic 
time or horizon marker. A representative of each of these genera 
of Trilobites is shown in Fig. 47. 

These principles, here laid down as a basis for the subdivision 
of the Cambrian system, apply equally well to the succeeding rock 
systems, though many orgamsms other than Trilobites are used 
for the purpose. 

Disteibution and Character of the Rocks 

General Distribution. — On the accompanying map (Fig. 32) 
the surface distribution of Cambnan rocks is shown, that is to say 
the locations of the areas in which Cambrian strata are known to 
outcrop. The principal areas are seen to be in Newfoundland, 
New York, through the Appalachian range, south of Lake Superior, 
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southeastern Missouri, Oklahoma, central Texas, Nevada, eastern 
California, and at various places in the Rocky Mountain region.^ 



Map showing the surface distnbution (areas of outcrops) of Cambrian, and 
some very closely associated Lower Oidovician, strata m North Anaenca 
(Modified by W. J. M after Wilhs, U S Geological Survey ) 


1 Readers who are not very familiar with the geography and physiography 
of the Umted States should, whenever necessary, refer to the map at the end 
of Chapter XIX Good atlas maps of North America and of the United States 
should aJso be at hand. 
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Because Gambnan rocks have so often been removed by erosion, or 
have been so largely covered by later sediments, or highly folded so 
that outcropping edges only are now exposed, the surface distribu- 
tion as indicated on the map fails to give any adequate idea of the 
former or even present real extent of strata of this age. Thus 
Cambrian strata are definitely known to have been almost com- 
pletely removed from several thousand square miles of the 
northern New York region, and Cambrian rocks have certainly 
been similarly removed from many other regions. Again, the 
distribution of the outcrops, together with many deep weU sec- 
tions (Fig. 33), make it certain that Cambrian strata concealed 
under nearly horizontal later strata spread across much, if not ah, 
of the Mississippi Valley from the Rockies to the Appalachians, 
while m the Appalachian Mountains Cambrian rocks are really 
much more extensive than the mere outcropping edges of the 
upturned strata. There is no reason, however, to think that the 
vast area of pre-Cambrian rock around Hudson Bay, the Atlantic 
Coast from New Jersey southward, and the Pacific Coast region 
from northern Cahfomia northward through Alaska, were ever 
covered by the Cambrian sea. 

The difference in the distribution of the Lower and Upper 
Cambrian strata is a prime consideration. Thus the Lower Cam- 
brian is entirely absent from the whole Mississippi VaUey. 
Otherwise the same general areas are occupied by both Lower 
and Upper Cambrian strata. 

Character of the Rocks. — Cambrian rocks consist very largely 
of shallow water sediments such as conglomerates, sandstones 
(Fig. 35), and shales, with weU-preserved ripple marks very 
common. Deeper or clearer water deposits such as limestone; are, 
however, important in the Appalachians, Vermont, Nevada, the 
Rocky Mountain region, and British Columbia. When these sedi- 
ments were deposited in the Cambrian sea they were like ordinary 
gravels, sands, marls, and limy oozes now forming in the ocean, 
especially over the continental shelf areas and their borders. Since 
their deposition they have been changed into the corresponding 
harder rocks such as conglomerates, sandstone, shales, and lime- 
stones, or, in some eases as in New England, metamorphosed into 
quartzites, schists or slates, and crystaUine limestones (marbles). 
In many regions the Cambrian strata have been highly folded and 
faulted. 
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Fig 33 

Geologic section througli northeastern Iowa, showing how character, thick- 
ness, and distnbntion of deeply buried rock formations can be determmed 
by a comparison of well records. St Lawrence and Jordan formations are 
Cambnan; Oneota to Maquoketa inclusive are Ordovician; and above 
these are Silurian and Devonian strata as indicated. (After W. H. Norton, 
U. S. Geological Survey,) 
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The following statements will give a fair idea of the subdivisions, 
character, and thickness of the Cambnan system in widely sepa- 
rated parts of the United States. In eastern California (Inyo 
Mountains) the Cambrian is weU represented, consisting of Lower 
Cambrian sandstone, shale, and limestone 10,000 feet thick over- 
lain by 1000 feet of Middle Cambrian sandstone and limestone, and 
this in turn by about 1000 feet of Upper Cambnan limestone and 
shale, making a total thickness of 12,000 feet of Cambrian. At 
least as great a maximum thickness occurs in the Rocky Mountains 
of the northern Umted States where the Middle and Upper Cam- 
brian strata (mostly limestone) are much thicker than they are in 
California. 

In the southern Appalachian region Lower Cambrian sand- 
stone and conglomerate reach a thickness of fully 10,000 feet; 
Middle Cambnan limestone and shale, 4000 feet; and Upper 
Cambrian limestone and sandstone, 8000 feet — a total of 22,000 
feet of Cambrian. 

Upper Cambrian rocks occur widely in the Mississippi Valley. 
These are largely sandstones of widespread extent, and they are 
generally less than 1000 feet thick. 

Thickness of the Cambrian and Igneous Rocks. — The thick- 
ness of Cambrian strata in North Amenca varies from less than 
1000 feet to a maximum of over 20,000 feet. In addition to the 
thicknesses above given, mention may be made of a thickness 
of 8000 to 12,000 feet in Virginia and Pennsylvania, and of 9000 
feet in Utah. North American Cambrian is singularly free from 
igneous rocks and thus presents a remarkable contrast with the 
preceding eras. 

Physical History 

Great Basal Unconformity. — We have already learned that a 
profound and seemingly almost universal unconformity separates 
the Archeozoic and Proterozoic rocks. Another great unconformity 
separates the Proterozoic and Paleozoic rocks. Cambrian strata 
rarely if ever fail to rest upon the eroded surfaces of either the 
Archeozoic or the Proterozoic. C. D. Walcott stated in 1914 
that no defimtely proved transition rocks between the Cambrian 
and pre-Cambrian are known in North America. It has been 
definitely proved, as for example in the Adirondack region, to be 
quite the rule that the Cambnan sediments not only rest upon 
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an eroded surface of older rocks, but that the surface of these 
latter had been worn down to the condition of a more or less weU- 
developed peneplain. Accordingly, just before and during early 
Cambrian time, most, if not aU, of North America must have been 
dry land suffering erosion. Conglomerates contaimng pebbles of 
the older rocks are of very common occurrence at the base of the 



Fig 34 


Lower Cambrian strata at Deep Sprmg Valley, California 
(Photo by the author.) 


Cambrian sediments. The great duration of this erosion interval 
which produced such a profound unconformity, not only in North 
America but in other continents as weU, is regarded as one of the 
g^atest physical events of its kind in the history of the earth 
since the beginning of Paleozoic, or rather late Proterozoic, time. 

Early and Middle Cambrian. — During Early (Lower) Cam- 
brian time partial submergence of North America resulted in the 
development of two long narrow arms of the sea, one in the east and 




Fig. 36 

Upper Cambnan (Potsdam) sandstone m the Ausable Chasm of northeastern 
New York. The rock is distmctly stratified and full of ripple^marks 
(Courtesy of tbe New York State MuseumJ 
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the other m the west, as shown on the accompanying map Fig. 36. 
These marked the beginning of the Appalachian and Cordilleran 
geosynchnes, respectively, which were more or less persistent dur- 
ing Early and Middle Paleozoic time (see Fig. 138). As we have 
already learned, such a submergence may have been produced 
either by nsing sea level or subsidence of the land, or both. In the 



Paleogeographic map of North Aoaenca durmg Lower 
(Early) Cambnan time. White areas, land; ruled 
areas, sea (Principal data, modified by the author, 
from maps by B WiUis and C. Schuchert ) 

case of the Cambrian submergence there appears to be no escape 
from the conclusion that a rise of the sea was an important factor, 
since the development of such an extensive peneplain surface im- 
plies that the continent must have remained almost unaffected by 
diastrophic movements for a long time, and the tremendous vol- 
ume of material removed and dumped into the sea must have very 
appreciably raised its level. 

Wherever Lower Cambrian marine strata (actually exposed or 
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concealed) rest directly upon pre-Cambnan rocks we can be sure 
that such areas were subnaerged under the early Cambnan sea, 
because Lower Cambnan strata could have formed only during 
that time. To these areas must be added still others from which 
the rocks have been removed by erosion. Further, since the later 
Cambnan strata almost invanably rest in perfect conformity 
upon the earlier, we can be sure that any region occupied by later, 
but not earlier, Cambrian rocks was never covered by the earlier 
Cambnan sea because the conformity proves that there was no 
erosion interval dunng which any of the earlier Cambrian strata 
were removed before the deposition of the later. Again, many 
large areas were almost certainly dry land during early Cambrian 
time because there is not the shghtest evidence of any sort that 
deposition went on over those areas during that time. The prin- 
ciples here set forth are of fundamental importance in constructing 
a paleogeographic map of North America for early Cambrian time, 
and the same principles must be kept in mind m considering the 
paleogeography of any given region during succeeding time. 

A general withdrawal of the eastern arm of the sea marked the 
close of Lower Cambrian time, but the western sea (or mediterra- 
nean) remamed. This was the condition of the continent during 
Middle Cambrian time, with the exception that eastern New 
England and parts of New Brunswick and Nova Scotia were sub- 
merged. 

Late Cambrian. — During Upper Cambrian time more and 
more of the continent tended to become submerged until the geo- 
graphic conditions were much as depicted upon the next paleo- 
geographic map (Fig. 37). The sea transgressed northward over 
the great intenor land to about the northern border of the United 
States, forming a vast intenor sea. Fully one-third of the con- 
tinent was flooded. As the map shows, there were four large land 
areas — Appalachia, Canadia, Cascadia, and Mexicoia.^ These 
four land areas, with somewhat changing borders, were remarkably 
persistent during the repeated Early and Middle Paleozoic flooding 
of the continent (see Kg. 138). 

The northward trangression of this great interior sea in the 
eastern United States is clearly established by the fact that studies 
of actual outcrops and deep well sections show successively younger 

1 The term ‘^Mexicoia’* is here proposed as a designation for the persistent 
Paleozoic land noiass in the Mexican area. 
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and younger Cambrian sediments deposited by overlap northward 
upon the pre-Cambrian rock surface. We also know that this inte- 
rior sea was shallow because of the character of the sediments which 
are very largely clastic such as sandstones and shales often npple 
marked, and with conglomerates at the base. Some heavy lime- 
stone beds hke those m eastern New York, and between Virgima 
and Missouri, teU of clearer, possibly deeper, water in those places. 



Paleogeographic map of North America during middle 
Upper Cambrian time White areas, land; ruled 
areas, sea (Prmcipal data, modified by the author, 
from maps by B WiUis and C Schuchert ) 

Late in the Upper Cambrian there seems to have been a with- 
drawal of the sea from the western one-half of the continent, leav- 
ing the eastern side about as it was in the Middle Cambrian. 

Duration of the Cambrian. — The physical events above out- 
lined prove that the Cambrian period represents a long time, the 
best estimates ranging from 3,000,000 to 5,000,000 years, though it 
should be emphasized that we have no exact standard of compari- 
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son in years. The only object m presenting such figures is to im- 
press upon the student the fact of the vast length of time involved. 
Though the succeeding periods were by no means equal in duration, 
minim um estimates would make no one of them less than 3,000,000 
years long. Estimates based upon the prmciple of radioactivity 
involve much greater time for a Paleozoic period. 

Close of the Cambrian. — Throughout Cambrian time, and 
even at its close, North America was not affected by any really 
great physical disturbances such as mountam-makmg or vulcanism, 
though recent studies seem to show that a belt extending from 
Vermont to northern New Brunswick was considerably elevated, 
probably without much folding, at the close of the period. 



Fig 38 

Structure section in Saratoga County, New York, showing how Upper Cam- 
brian strata overlap upon a hillock of pre-Cambrian rock (Grenville). 
(After W. J MiUer, V. Y. State Mus Bui, 153 ) 

According to Schuchert the Cambrian period closed with “a 
very wide and probably complete retreat of the epeiric (con- 
tinental) seas from the interior parts of North America, leaving 
the continent all or nearly all dry land.'^ 

Foreign Cambrian 

Etirope. — Like that of North America, the Cambrian rocks 
of Europe generally rest upon the profoundly eroded surface of 
either Proterozoic or Archean rocks. The physical geography of 
the continent, however, differed considerably because the distri- 
bution of the rocks shows that the Early Cambrian sea was almost 
wholly limited to northern Europe, while the Middle Cambrian 
sea transgressed farthest over much of France, Germany, Bohemia, 
Spain, and Sardioia, and in the Late Cambrian the sea spread 
widely over Europe, as shown on the accompanying map (Fig. 39). 
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In Wales and Bnttany the Cambrian strata appear to have a 
maximum thickness variously estimated at from 12,000 to 20,000 
feet, while in southern Sweden the whole Cambnan is only about 
400 feet thick. Like those of North America, the rocks are mainly 
clastic sediments of shallow water origin such as conglomerates, 
sandstones, and shales. In western Europe, for example in Wales 



Paleogeographic map of Europe during Upper Cambnan time. White areas, 
land; ruled areas, sea (Modified by the author after F. X Schaffer ) 

and southern Scandinavia, the Cambrian strata are thoroughly 
indurated and usually highly folded, but m eastern and central 
Europe, for example in Russia, most of the strata are practically 
horizontal, and even unconsohdated beds of sand and clay have 
been found. Unconsolidated beds of so great age are truly 
remarkable. 

The Cambrian period closed in Europe without any important 
physical disturbance. 
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Other Continents. — The Cambrian of other continents has 
generally not been well studied, but rocks of this age are known in 
Austraha, Tasmania, India, China, Korea, Siberia, and Argentina. 
Only shghtly folded or tilted strata of Cambrian age up to 20,000 
feet thick are known in northern Chma. Glacial deposits in China, 
Norway, and Austraha will be described under the next heading. 

Climate 

Very distinct evidences of glaciation are known in the earhest 
Cambrian or possibly late Proterozoic of China, Norway, Austraha, 
and perhaps also South Africa. At the base of the thick section of 
Cambrian strata in China “ on the Yangtse River, 31° Lat., i.e. 
as far south as New Orleans, not high above sea level, a large body 
of glacial material (170 feet thick) was discovered. . . . It demon- 
strates the existence of glacial conditions in a very low latitude in 
the early Paleozoic.^' ^ 

At Lat. 70° N. in Norway, glacial deposits containing clearly 
striated pebbles have been found resting upon a distinctly 
smoothed and striated surface of hard rock. 

In southern Austraha glacial beds of similar age and consider- 
able thickness are distinctly folded along with the enclosing strata. 

The significance of these earliest Paleozoic glacial deposits is 
difficult to exaggerate in considering the climate of the time. The 
old idea, based upon the Laplacian Nebular hypothesis, that early 
Paleozoic climate was notably warmer, moister, and richer m 
carbon dioxide than now, is directly refuted by the evidence of 
glaciation. Such evidences of glaciation, combined with the char- 
acter and distribution of the orgamsms, indicate that Cambrian 
climate was not essentially different from that of comparatively 
recent geologic time, but that climatic conditions were much more 
uniform over the earth than now. 

Economic Peoducts 

Cambrian rocks, such as the Potsdam sandstone and little 
Falls dolomite in New York, furnish considerable quantities of 
bmlding stone for local use. 

Roofing and other slates of Cambrian age are extensively quar- 

^ B Willis: Researches m China (Vol. 2), published by Carnegie Insti- 
tution of Washington, 
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ried in Vermont and eastern New York. Also the famous slate 
quarries of Wales are in rocks of this age. 

No very important metalliferous deposits are known in Cam- 
brian rocks 


Life of the Cambbtan ^ 

Stage of Evolution of Cambrian Life. — The life of the Cam- 
brian possesses a particular importance because, excepting the 
few scant organic remains found in upper Proterozoic rocks, the 
rocks of this age contain the oldest known assemblage of distinct 
fossils. Many hundreds of Cambrian species have been described. 
Even here, however, the organic record is very incomplete both 
because many Cambrian fossils have not yet been discovered and 
because a vast number of Cambrian organisms must never have 
been preserved as fossils. Although Cambnan fossils are scant as 
compared with those of other Paleozoic systems, nevertheless a 
striking fact is the large number and complexity of organisms 
represented. AH of the sub-kingdoms of invertebrate animals 
are represented, though nearly always by only the simpler types 
of each sub-kingdom, and this together with the positive evidences 
for pre-Cambrian life, makes it perfectly evident that organisms 
existed and developed (evolved) for a vast length of time before 
the opening of the Cambrian. It is generally agreed that fully 
half of the evolution of ani m als had taken place before the be- 
ginning of the Cambrian period, but that plants had not developed 
beyond the single-ceUed stage. 

In spite of so much pre-Cambnan evolution of animals, it is 
to be remembered that, as a result of post-Cambnan evolution, 
literally enormous advancement has been made, so that Cambnan 
forms are really simple or primitive as compared with many of the 
highest living forms. To illustrate, there is a vast gulf between 
the degree of organization of the highest Mammals of today and 
the highest forms (simple Arthropods) of Cambrian time, and 
all of this development has been gradually accomplished since 
Cambrian time. 

Passing upward even within the Cambrian system, the fauna 

^ In the study of the life of each period from the Cambrian to the present 
the student should, if necessary, refer to the outKne classifications of plants 
and animals m Chapter I. 



THE CAMBHIAN PERIOD 83 

shows a gradual progress toward more highly developed or organ- 
ized forms. 

Apparent Suddenness of Appearance of the Cambrian Forms. 
— The apparent suddenness of appearance of so many highly devel- 
oped organisms even in the early Cambrian has caused much dis- 
cussion by way of attempted explanation. Geologists are agreed 
that this seeming sudden appearance of so many forms is due to 
imperfection of the record either because of unfavorable conditions 
for the preservation of fossils in the pre-Cambrian sediments, or 
because fossils, though once present in those rocks, have been 
obhterated by subsequent changes or metamorphism. Further, 
it is agreed that the first organisms were plants because animal 
life is ultimately dependent upon vegetable matter as a food 
supply. 

It should be recognized that the metamorphic, or crystalline, 
character of aU Archean and most Proterozoic rocks is obviously 
unfavorable for preservation of determinable fossils. Thus, 
Archean sedimentary rocks have flakes of graphite (carbon) dis- 
seminated through them and, though such carbon is of organic 
origin, the original organic structures have been entirely obliterated 
so that crystaUized carbon only remains after the intense meta- 
morphism. Such an explanation, however, does not by any means 
answer the whole question, because, at a number of locahties, 
thousands of feet of non-metamorphosed pre-Cambrian strata are 
known and, except in very few cases in the later of these rocks, 
distinct fossil forms of animals are not known. 

Brooks^ has advanced the hypothesis that the early liviug 
forms (plants and animals) were single celled, and that they 
originated and hved in the surface portions of the ocean. Because 
of the lack of severe struggle for existence in such environment, 
pelagic (free-swimming) plants have to this day remained largely 
primitive or single celled. For similar reasons the unicellular 
animals long failed to evolve higher forms because of easy existence 
in contact with much food and sunlight. Such forms were of ge- 
latinous consistence and not favorable for preservation as fossils. 
Not until the attachment to the bottom or along shore were* con- 
ditions favorable for the development of higher forms by the 
aggregation of cells. The plants first spread to the shore waters 
and thence over the land, so that gradually the shore waters became 
1 W. K. Brooks: Jour. Geol , Vol. 2, 1894. 
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clearer and richer m organic material and hence more suitable 
habitats for animals. The animals once estabhshed along shore, 
about the beginmng of the Cambrian or late in the pre-Cambrian, 
are conceived to have made rapid progress in evolution because 
the struggle for existence became severe on account of greater 
crowding in this more restricted environment. Support became 
necessary as well as means of defense, therefore hard parts were 
developed, and such hard parts could be preserved as fossils. In 
harmony with this hypothesis is the important fact that pre- 
Cambrian and early Cambrian fossil shells are mostly very thin, 
heavy shells apparently not having been evolved tiU later. 

Another hypothesis “ assumes that the first forms of life were 
simple plants that originated in the land waters. . . . This hy- 
pothesis further assumes that the early animals, to a greater or 
less degree, had their origin in the same waters, and hke the plants 
on which they were dependent spread thence to the sea and out 
upon the land. It is assumed that there might be considerable 
development of aquatic forms of animal life ... in the land waters 
before they became denizens of the seas, and their appearance 
in the latter might be at some rather advanced stage of their 
evolution and hence be seemingly sudden.^' ^ 

Plants. — There are certain rather obscure impressions and 
other more distinct cluster-like forms which may be sea-weeds, 
but their identification is not at all positive. As stated above, 
simple plants at least must have been abundant since animals 
ultimately depend upon plants for food. Their scarcity as fossils 
is doubtless due to the unfavorable character of the simple (soft) 
marine plants for fossihzation. 

Recently certain problematical Cambrian fossils, long known 
by the name Cryptozoon,^^ have been determmed as Algse by 
Walcott. They secreted concentric layers of carbonate of lime 
and lived in water. In some locahties, as near Saratoga Springs, 
New York, distinct beds or reefs” of such Algae occur in hme- 
stone (see Fig. 40). 

There is no evidence that any types of plants other than 
single-celled water-dwelling forms existed during Cambrian time. 
This is a remarkable fact not only in view of the tremendous 
lapse of Archeozoic and Proterozoic time, but also of the pro- 
found post-Cambnan evolution in the plant world. 

^ Chamberlin and Sahsbury: Geology , Vol 2, p. 302. 
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Protozoans. — Foramimfers have been found even in Lower 
Cambrian rocks. These forms are very much like the modem 
marine forms, and it is an interesting and important fact that such 
very simple types have persisted throughout aU of geologic time 
from the Cambrian to the present, while profound evolutionary 
changes were taking place in the animal kingdom. Radiolarians 
are not known as fossils. Many Protozoans doubtless existed, but 



Fig 40 

Calcareous Algse, Cryptozodn proUferum^ forming a reef 
in Upper Cambrian hmestone near Saratoga Springs, 

' New York, (After H P Cushing, N. Y State Mus, 

Bid 169) 

very few secreted shells, and hence not many species could have 
been preserved as fossils. 

Porifers. — Tme Sponges (Fig. 41) were fairly abundant 
throughout the period, their siliceous remains being especially 
common as fossils. 

Coelenterates. — Hydrozoans were represented by both the 
so-called Jelly-fishes and the Graptolites. Recognizable casts 
and impressions of JeUy-fishes (Fig. 42), which creatures consist 
wholly of soft parts, have been found, and these are remarkable 
freaks of fossil preservation. Graptolites (Fig. 59) were common, 
especially in the later Cambrian. These were slender, plume-like, 
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delicate forms consisting of colonies of cells. They were pelagic 
or free to float in the open sea. One genus of Graptohtes, con- 
fined to a horizon near the summit of the Cambrian, is weU-mgh 



Fig. 41 



A B 

Fig 42 

A Cambnan Jelly-fish, Brooksdla altemata (After 
Walcott, from Shimer’s “Introduction to the Study 
of Fossils,^' permission of The Macmillan Company ) 


A Cambrian 
Sponge, Lep- 
tomitus sfdieli 
(After Wal- 
cott ) 


world-wide in its distribution 
illustrates the importance of 
purposes of correlation over 
wide areas. It should be 
stated that Graptolites occur 
only in the older Paleozoic strata. 

Anthozoans (Corals) were more doubtfully 
present because the fossil forms so greatly 
resemble Sponges (Fig. 43), but recent study 
seems to indicate that some at least were 
true Corals. Locally such coral-like forms were 
common enough to form reefs It seems qmte 
clear that the Corals evolved from Cambrian 
Sponges. 

Echinoderms. — Of the stalked Echino- 
derms the very simplest class, called Cystoids, 
are known to have existed. There were the 
bladder-hke forms, sometimes with rudimen- 
tary arms, set on segmented stems (Fig. 60a). 
Holoihuroids (^'sea cucumbers”) have been 
found in the Cambrian of British Columbia. 


and beautifully 
such forms for 



Fig. 43 

A Cambrian Sponge 
or Coral, Archech 
cyathus rensse- 
laencus (After 
Walcott ) 
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These are of special interest because they represent highly organ- 
ized forms of Echmoderms. 


Worms.— Tracks and 
borings of marine Worms 
are common, but no act- 
ual remains are known. 

MoUuscoids.— jBracA- 
lo'podsy next after the 
Tnlobites (simple Crus- 
taceans), are the most 
important Cambrian fos- 
sils (Fig. 44). There are 
two important general 
groups of Brachiopods, 
namely, the Inarticu- 



a h 

Fig 44 

Cambrian Brachiopods: a, LinguleUa 'prima; 
bj lAngtdeUa acumiriata, (After Walcott ) 


lates, in which the homy shells or valves are not joined together 


by a hinge, and the Articulates, in which the heavier calcareous 



shells are joined together 
by a hinge structure. The 
fonner are simpler and 
lower in organization, 
and, from the standpoint 
of evolution, it is impor- 
tant to note that Cam- 


A Cambrian Pelecypod (Fordilla troyeirms). 
Shell on nght and cast on left, much en- 
larged (After Walcott.) 


brian (and probably pre- 
Cambrian) Brachiopods 
were mostly Inarticu- 


lates, the Airticulates not beconung common till in the Upper 
Cambrian. In the post-Cambrian periods the Articulates greatly 


outnumbered the Inarticu- 
lates, and they are the most 
common of all fossil shells in 
the Paleozoic rocks. The 
Brachiopods stand out con- 
spicuously as a remarkably 
persistent class of animals 
ranging from pre-Cambrian 
time to the present, and, al- 
though there have been very 
many species and genera 



Cambrian Gastropods* a, MatkereUa 
saratogensLS, b, Pelagidla rninuHs-^ 
sima. (After Walcott.) 
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changes, the class as such has been very httle changed. A few 
genera, but no species, have persisted from the Cambrian to the 
present. At least 7000 species of Brachiopods are known, most of 
them from the Paleozoic, but only about 200 species now exist. 
Many hundreds of species are known from the Paleozoic rocks 
alone, and by studying their gradual changes m species and genera, 
they have come to rank among the most valuable fossils as geologic 
time markers and for purposes of correlation. 

MoUusks. — AU the principal fossil-forming types of MoUusks 
were represented. Pelecypod shells are small and comparatively 
rare, being mostly found in the Lower Cambrian (Fig. 45). From 



Fig 47 


Cambnan Trilobites, restored forms* a, Olenellus gilhertij characteristic of the 
Lower Cambrian; b, Paradoxides bohmixcuSj characteristic of the Middle 
Cambrian; c, Dikellocephalus pepinensis, characteristic of the Upper Cam- 
brian. (From Chamberlin and Salisbury's Geology," permission of Henry 
Holt and Company.) 

Cambrian time to the present they have steadily increased, both as 
regards number of species and individuals. In later geologic times 
the shells often attained great size. Gastropods, mostly of simple, 
low-conical types, were fairly common throughout the period 
(Fig. 46). The Gastropods, from their meager beginmng m the 
Cambrian, have gone on increasing in variety of forms and number 
of individuals to the present, there now being fully 20,000 known 
species. Cephalopods comprise the highest class of MoUusks and 
Cambrian forms have been found only in Middle Upper Cambrian 
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st/rata. They were simple, straight, or curved, chamber-shelled 
forms. The Cephalopods became very important in subsequent 
periods, and the evolution of the class will be dwelt upon in suc- 
ceeding chapters. 

Arthropods. — Among the Arthropods the simpler forms 
(Crustaceans) only are known from the Cambrian. Tnlobites are 
by far the most abundant and sig- 
nificant Cambrian Arthropods (Figs. 

47“48). In fact they are the most 
important Cambnan fossils. They 
are the simplest and most primitive 
of all Arthropods, probably having 
evolved from a worm-like animal. 

They were progenitors of higher 
types of Arthropods. We have seen 
that the threefold subdivision of the 
Cambrian system is based upon the 
changes in the Trilobite fauna. Ex- 
amples of the most characteristic 
Cambnan genera are shown in Fig. 

47. They were inhabitants of the 
sea and they were among the most 
highly organized animals of the time. 

Trilobites persisted only till the close 
of the Paleozoic era, and they were 
especially numerous in the earlier 
periods of that era. The name Tri- 
lobite refers to the three-lobed character of the body. The crear 
ture possessed a distinct head-shield with compound eyes, and a 
more or less distinct tail-shield. Between the shields there was 
a highly segmented body portion. They ranged in length from 
an inch or less to about two feet. Nearly all of them crawled on 
the shallow sea bottom. The Tnlobites display an extraordinary 
variety in form and size, in the proportion of the head-and-tail- 
shields, in the number of free segments, and in the development 
of spines. Already in the Cambrian this wealth of forms is 
notable, though far less than it became in the Ordovician. As 
compared with those of later times, the Cambrian Trilobites are 
marked by the (usually) very small size of the tail-shield, the large 
number of free segments, and their mability to roll themselves 



Fig 48 


A Middle Cambnan Trilobite, 
NeolemiLS serratus, with well- 
preserved appendages (After 
Walcott ) 
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up ” ^ Eucrustaceans of rather simple types were present, but not 
important. There were no real Crabs or Lobsters till much later 
time. 

Arachnids (e.g. Euryptends) are only sparingly known from 
the Cambrian. These forms will be discussed beyond. 

Ho Known Land Organisms or Vertebrates. — Thus far no 
fossil land animals or land plants of any kind have been found, 



Fig. 49 


Cambrian Trilobites and other related fossils on a slab of shale from the 
southern Rocky Mountains of Canada Much less than natural size. 
(After C. D. Walcott, courtesy of the Smithsonian Institution, 
Washington, D. C ) 

and it IS extremely doubtful if any, except possibly very simple 
land plants, did exist. Vertebrates are entirely unknown, and if 
any existed in the Cambrian we know, from our study of Verte- 
brates of succeeding periods, that they must have been of the very 
simplest types. These statements are of special significance in 
regard to the evolution of life on earth because, as far as known, 
all land-dwelling organisms have developed since Cambrian time. 

1 W. B. Scott: An Inln-oductUm to Geoloov, 2nd ed.. n. 556. 


CHAPTER VII 


THE ORHOVICIAH PERIOD 
Origin op Name, Subdivisions, etc. 

In the preceding chapter we learned how the basal portion ot 
Murchison’s great Silurian system came to be called the Cambrian. 
In 1879 Lapworth proposed to divide the remaining Silurian system 
into two parts, the lower portion to be called Ordovician, and the 
upper to retain the name Silurian. The term Ordovician was taken 
from an old tribe (Ordovici) which once inhabited Wales. When 
it is realized that one of the most profound stratigraphic breaks 
(unconformities) in the whole Paleozoic group lies within Murchi- 
son’s old Silurian system, and between what are now called the 
Ordovician and Silurian systems, the justification of Lapworth’s 
proposal is evident. In America and England the Ordovician 
system is now generally recognized, though on the continent of 
Europe the term Lower Silurian is still largely employed instead. 
The following tabular arrangement will serve to make clear the 
history of these terms: 


{MurchisoTij 18S5) 

(Sedgwick) j 

(Lapworth, 1879) 

Silurian system | 

\ Upper Silurian 

Lower Silurian 

Upper Silurian 
f Lower Silurian 
\ Cambrian 

Silurian 

Ordovician 

Cambrian 


Since the North American Ordovician was first carefully studied 
in New York state, the section there has become, to a very consid- 
erable degree, the standard to which the subdivisions in other 
parts of the continent are referred. During recent years several 
unconformities, though rather minor ones, have been discovered 
in the New York Ordovician, so that this section is not as perfect 
or continuous (stratigraphically) as was formerly supposed, certain 
records being entirely missing. Following are the principal sub- 
divisions of the New York Ordovician system according to a 
classification by the New York Geological Survey: 
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Cincinnatian series 
(Upper Ordovician) 


Pulaski f 
Frankfort \ 
Utica shale 


Lorraine shale and sandstone. 


Mohawkian series f Trenton hmestone and shale 
(Middle Ordovician) \ Black River hmestone 

I Chazy hmestone 
Pameha hmestone 
Beekmantown hmestone. 
Tnbes Hill hmestone 


The reader should not be led to think that these New York 
formation or stage names are the only ones now used in North 
America. Many other, more or less local, names have been apphed 
either to formations (stages) found elsewhere but missing in New 
York, or to formations which have not yet been definitely cor- 
related with those of New York. It is generally agreed, on the basis 
of priority, that when two widely separated formations become 
definitely correlated, the name given the formation where first 
studied is to be applied to both. In this way many of the New 
York names have come to be used over wider and wider areas. 
Also the kind of rock (hthologic character) making up a formation 
in New York may or may not be the same in other areas. Thus a 
sandstone or shale in New York may be replaced by a shale or 
limestone elsewhere, etc. 

In New York, and usually elsewhere, the Ordovician strata, 
especially the Middle and Upper, and more especially the Trenton 
beds, are wonderfully rich in organic remains, and much attention 
has been given to the description of the fossils and the correlation 
of the strata. Unconformities within the Ordovician system are, 
relatively speaking, not very common, and they are usually not 
very profound. There are, however, two widespread uncon- 
formities, each representing an extensive, though short, interval 
of withdrawal of marine waters during the period. 


Bistkibution AisTD Chakacter of the Rocks 

Gen- il Distribution. — The accompanying map (Fig. 50), 
shows the distribution of chiefly Middle and Upper Ordovician 
rocks in North America Some Lower Ordovician rocks are in- 
cluded with the Cambrian on the preceding map (Fig. 32), but 
since Lower Ordovician rarely occurs in any areas not also occupied 
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by the Middle Ordovician, the accompanying map shows the 
surface distribution of practically all Ordovician strata. By com- 
paring the maps (Figs. 32 and 50) it will be seen that the distn- 
bution of Ordovician rocks is essentially the same as that of Upper 



Fig 50 

Map showing the surface distnbution (areas of outcrops) of chiefly Middle 
and Upper Ordovician strata in North America (By W J M , based upon 
maps by Bailey Wilhs, U S Geological Survey ) 


Cambrian, with two important differences. These differences are 
the presence of two large areas of Ordovician west of Hudson Bay 
and a number of smaller areas in the Arctic Islands region. 

As in the case of the Cambrian, so the surface distribution of 
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Fig. 61 

Generalized structure sections through various parts of New York State, showing the attitude and relations of the 
vanous great rock systems. (After W. J. Miller, N, Y, State Mus, Bvl. 168.) 
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the Ordovician rocks as indicated on this map gives no adequate 
idea of the former or present real extent of strata of this age, since 
strata have either been removed from so many districts by erosion, 
or are concealed under later formations, or are highly folded so 
that outcropping edges only are at present visible. Some regions 
can quite certainly be shown to have been formerly covered by 
Ordovician strata, as, for instance, nearly aU of the Adirondack 
Mountain region, and a wide belt between the Great Lakes and 



Fig 52 

The Trenton (mid-Ordovician) hmestone at its type locahty, Trenton Falls, 
New York. (Photo by F. B. Guth, Utica, N. Y.) 

Hudson Bay. Also the distribution of outcrops, together with nu- 
merous deep-well sections, conclusively prove that much, if not all, 
of the Mississippi Basin contains concealed Ordovician rocks. In 
the Appalachians, New England, and some of the western moun- 
tains extensive Ordovician strata are actually exposed only along 
comparatively narrow belts following the strike of the highly 
folded rocks. The following statements will serve to give a very 
general idea of the character of North American Ordovician 
rocks. 
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Lower and Middle Ordovician Rocks. — Viewed in a broad 
way, the Ordovician rocks (especially the Lower and Middle) are 
of quite different character from those of the Cambrian. Clastic 



Fig 53 


Trenton kniestone (thin-bedded) resting upon massive'Black River 
limestone near Boonville, New York. (Photo by the author.) 

sediments, such as conglomerates, sandstones, and shales, are the 
dominant Cambrian sediments, while, throughout the Lower and 
Middle Ordovician, limestones greatly predominate (Fig. 54). 
Of the Lower Ordovician formations in eastern North America, the 
Beekmantown is one of the most widespread. It is extensively de- 



Cambrian *>5 Ordovician Silurian 


Kind of Rock 

shaly 

sandstone 

sandstone 


shale 


sandstone 

shale 


limestone 


dolomitic 

limestone 


shale 


limestone 


shale 

limestone 
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veloped in New York and m the Appalachian region. It is usually a 
dolomitic Lmestone. The other Lower Ordovician formations, due 
to unconformities, tend to be more locally represented. 

Mid-Ordovician is generally regarded as having been one of the 
greatest hmestone making times in the earth’s history, though it 
should not be inferred that hmestones were then universally made in 
the seas, because those areas of deposition close to, or receiving wash 
from, the lands show clastic sediments. Middle Ordovician, espe- 
cially Trenton, limestones are remarkably widespread, occurring m 
New York, New England, New Brunswick, southeastern Canada, 
and near Hudson Bay, across the northern part of the Mississippi 
Basin, Black Hills, Wasatch and Uinta Mountains, and even m 
the Great Basin. The Black River formation of New York may be 
specially mentioned as a remarkable example of a thin formation of 
relatively great extent. This sheet of nearly pure, highly fossilif- 
erous limestone, seldom if ever more than 30 feet thick, originally 
covered nearly all of northern New York, it since having been re- 
moved from the Adirondack region by erosion. An illustration of 
an exception to universal limestone-making during Trenton tune is 
in the Mohawk Valley region of New York, where the hmestone 
passing eastward becomes almost whoUy replaced by hundreds of 
feet of shale Also through the Appalachians, rocks of this age 
contain much clastic material. The Trenton is nearly everywhere 
highly fossiliferous. 

In the Upper Ordovician of eastern North America shales and 
alternating shales and fine-grained sandstones (e.g Utica and 
Lorrame) greatly predominate, doubtless due to rejuvenation and 
more active erosion of the lands probably accompamed by some 
shoahng of the water (Fig. 54). In the western part of the continent 
limestones appear to predominate, even in the Upper Ordovician. 

Thickness and Metamorphism of the Ordovician. — The 
aggregate thickness of Ordovician strata in New York is from 2000 
to 4000 feet; in the Appalachian Mountains, 5000 to 8000 feet; 
in the central Mississippi Valley (e.g. Missoun), 1000 feet or less; 
and in the Rocky Mountains several thousand feet. 

Among the changes which the strata have undergone smce their 
deposition we have mentioned their highly folded condition in 
certain regions, but in New England, parts of the Piedmont 
Plateau, and parts of the western United States the rocks are also 
highly metamorphosed. 
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Igneous Rocks. — There is no certain evidence for plutonic 
igneous activity during the North Amencan Ordovician, though 
some granite intrusions in the Wichita Mountains of Oklahoma 
and some very small dikes in New York may be of this age. 

A volcanic ash bed several feet thick has been found among the 
Middle Ordovician formations, covering several hundred thousand 
square miles of the southern states. The center of this volcanic 
action seems to have been in eastern Kentucky. 

Physicai. History 

Early Ordovician. — After the extensive emergence which 
caused practically all of North America to be a land area at the 



Paleogeographic map of North America durmg Early 
Ordovician time. White areajs, land; ruled areas, sea, 

(Prmcipal data, modified by the author, from maps by 
0 Schuchert and A. Grabau.) 

close of the Cambrian, the sea began, in Early Ordovician time, 
to encroach upon portions of the continent. By the middle of the 
Early Ordovician marine waters overspread much of the Rocky 
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Mountain region, with Arctic and Pacific Ocean con'nections, the 
latter through Nevada and southern California, an arm of the sea 
extended over the Appalachian Mountain-St. Lawrence Valley 
areas, connecting the GuK of Mexico with the Gulf of St. Law- 
rence and overspreading the eastern one-half of the Mississippi 



Fig 56 

Paleogeographic map of North America during Middle 
Ordovician time. White areas, land; ruled areas, sea. 
(Prmcipal data, modified by the author, from maps by 
B. WiUis and C. Schuchert.) 


Basin area; and the western and eastern seas were probably con- 
nected across the southwestern United States. Cascadia, Appa- 
lachia, and Mexicoia were well-defined land areas, as they usually 
were during the greater Paleozoic floods, but Canadia was very 
large, extending far southwestward in the United States to north- 
ern New Mexico. Map Fig. 55 shows the relations of land and 
water. 

Early (or Lower) Ordovician time seems to have closed with a 
general disappearance of the marine waters from North America. 
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Middle Ordovician. — The outstanding feature of the Middle 
Ordovician physical history was the greatest known invasion oi 
the continent by marine waters. Beginning with the continent 
dry land, the sea more or less gradually spread until the midst of 
Middle Ordovician time when the grand climax was reached as 
shown by map Fig. 56. At least two-thirds of the continent was 
submerged. The lands were low, erosion was not very active, the 
seas were wide, and, therefore, relatively httle land-derived sedi- 
ment was deposited on the floor of the widespread continental 
sea. It was, rather, a time unusually favorable for limestone 
making, and the remarkably extensive Black River and Trenton 
limestones were then formed. This vast sea teemed with In- 
vertebrate forms of life, including thousands of species. 

The close of Middle Ordovician time was marked by a with- 
drawal of the marme waters from all of the continent excepting 
the general Appalachian Mountain area and westward to Michigan 
and Arkansas. 

Late Ordovician. — Late (or Upper) Ordovician time was 
marked by a renewed great transgression of the sea which was 
almost as extensive, and covered nearly the same areas, as the 
vast Middle Ordovician sea. This widespread sea existed during 
the midst of Late Ordovician time. 

Since late Upper Ordovician sediments are mostly clastic 
(shales and sandstones), it is evident that an important change 
took place in the physical geography conditions toward the close 
of the period. Considerable portions of the sea bottom were 
gradually converted into dry land, and other portions were shoaled. 
Either an uplift of the land, or a withdrawal of the epicontinental 
sea waters because of sinking of the ocean bottoms (Atlantic 
and Pacific), or both, may be the explanation. The newly exposed 
lands, and the relatively higher old lands, suffered rather rapid 
erosion so that clastic sediments accumulated comparatively 
fast. As we shall presently learn, considerable crustal disturl> 
ances (orogenic), accompanied by uplifts, reached their climax 
toward the close of the period in eastern North America, and 
there is much evidence to show that such actual uplifts began 
well before the close of the period. 

As a result of the general emergence, practically the whole 
of the continent became dry land at the close of the Ordovician, 

Depth of Ordovician Seas. — Because Ordovician strata often 
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show a thickness of 2000 to 8000 feet, it should not be inferred 
that the Ordovician sea was necessarily ever 2000 to 8000 feet 
deep. The strata, even including limestones, often abundantly 
prove by ripple-marks, mud-cracks, and character of the fossils 
that they were laid down m shallow sea-water. The very character 
of the tldck materials (original muds and sands) in the Upper Ordo- 
vician imphes that they could not have been deposited in deep 
ocean water. Such sediments are not now forming on the deep-sea 
bottom. How are these statements to be harmonized with the fact 
that Ordovician strata thousands of feet thick exist over con- 
siderable areas? During long portions of the period the sea bot- 
tom more or less gradually subsided while stratum after stratum 
was deposited, and so it is not necessary to assume that the water 
was ever really deep. The usual depth was probably not over sev- 
eral hundred feet, while a depth of 1000 feet rarely if ever obtained. 
The North American oceans were, m other words, true epiconti- 
nental (or epeiric) seas. There were no ocean abysses at all com- 
parable to those of the present Atlantic or Pacific where depths 
of three to five miles are common. This is known because no true 
deep-sea deposits occur in the Ordovician. The principles here 
set forth are apphcable also to the continental seas of other 
periods of geological time. 

Close of the Ordovician (Taconic Revolution). — The Ordovi- 
cian ended with important physical or crustal disturbances, in- 
cludmg mountain-making. All, or nearly all, of the great interior 
(epicontinental) sea appears to have been drained as a result of 
change in level between land and sea in late Upper Ordovician 
time. In the interior of the continent the land was only moder- 
ately elevated to remain dry only until the early part of the 
next period. 

Thousands of feet of Cambrian and Ordovician strata accumu- 
lated in the seas which covered eastern New York, the sites of 
the Green Moimtains and Berkshire HiUs of western New England, 
eastern Pennsylvania, and possibly as far south as northern 
Virginia, including part of the Piedmont Plateau area. Toward 
the close of the Ordovician period, a great compressive force was 
brought to bear m the earth’s crust upon this mass of strata. As 
a result of the compression, the strata were tilted, folded, and 
elevated above sea level into a mountain range which has been 
called the Taconic Range, and the physical (orogenic) disturbance 
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has been called the Taconic Revolution. In structure, the range 
consisted of a senes of folds, both great and small, whose axes 
were parallel to the main axis of the range, that is north-northeast 
by south-southwest. Though we have no way of tellmg just how 
high the range may have been, nevertheless the structural features 
and the vast amount of erosion since the folds were produced clearly 
indicate that the uphft was at least some thousands of feet. 

In passing westward from the main axis of the range, the fold- 
ing is less and less intense, till finally the folds die out altogether. 

How do we know that the Tacomc disturbance took place 
toward the close of the Ordovician period? Strata of the next 
succeeding period (Silurian) rest directly in places upon the eroded 
edges of late Ordovician rocks; hence it is obvious that the disturb- 
ance occurred before the Silurian strata were deposited (Fig. 72). 
Also the disturbance doubtless began before the close of the Ordo- 
vician period. This is borne out by the fact that, for example, in 
central New York a distinct eroded surface at the summit of the 
Frankfort shales proves that region to have been dry land before the 
end of the period, this uplift quite certainly having been produced 
by the early movements of the Taconic disturbance. 

In New Brunswick, Silurian strata rest upon the eroded edges 
of upturned Ordovician strata, and this uptummg may have been 
coincident with the Tacomc disturbance. 

SufiB-Cient lateral pressure was brought to bear in a portion of 
the Mississippi Basin, durmg the latter part of the period, to 
produce a long, very low arch in the rocks from southern Ohio into 
Tennessee. This has been called the Cincinnati Anticline.'' 

The late Cambrian and Ordovician connection of the interior 
sea with the Atlantic Ocean through the St. Lawrence VaUey was 
closed by the disturbances toward the end of the Ordovician. 

Foreign Ordovician 

Map Fig. 57 gives a general idea of the relations of land and 
sea in Europe durmg the Ordovician. Also, barring certain areas 
from which the strata have been removed by erosion, the ruled 
(shaded) portion represents the present extent (surface and con- 
cealed) of Ordovician strata. There were two distinct provinces, 
a northern and a southern, as proved by important differences 
between the fossils of northern and southern Europe. Ordovician 
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fossils of northern Europe are closely related to those of North 
America, thus impl5dng a shallow sea connection between North 
America and Europe. The scarcity of limestone in the European 
Ordovician is in marked contrast with that of North America. 

In the British Isles, where the European Ordovician is thickest 
(being many thousands of feet), great igneous intrusions and ex- 



Paleogeographic map of Europe showmg the prmcipal areas of submergence 
during Ordovician time. White areas, land, ruled areas, sea. (Modified by 
the author after De Lapparent ) 


trusions took place, so that this region ranks as one of the greatest 
ancient volcanic areas in Europe. 

As in North America, important geographic changes took place 
toward the close of the period, and the Silurian often rests by 
unconformity upon the Ordovician. In the British Isles the Ordo- 
vician rocks were folded, upraised, and often metamorphosed, with 
Silurian strata resting upon their eroded edges. 
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Ordovician rocks are also known in Peru, Argentina, Australia, 
Tasmania, New Zealand, Africa, India, eastern China, and north- 
ern Siberia. 

Cliiviate 

Red sandstones, salt, and gypsum in the Upper Ordovician of 
northern Siberia clearly imply an and climate in northern Asia 
during the late Ordovician. So far as can be determined from the 
character of the rocks, geographic conditions, and distribution of 
the fossils, the chmate of North America and Europe must have 
been mild and much more uniform than now. Ordovician fossils 
even from Arctic lands, are very similar to those of low latitudes. 

Economic Peodxjcts 

Many great marble quarries are located in metamorphosed 
Ordovician limestone in New England and the Piedmont Plateau. 
Also much non-metamorphosed limestone is quarried for building 
purposes or burnt for hme in various parts of the United States. 
In the Lehigh district of Pennsylvania much Trenton (argilla- 
ceous) limestone is used in the manufacture of Portland cement. 

Among the greatest lead and rinc ore deposits in the world are 
those of the Mississippi Valley, especially in Missouri, Wisconsin, 
Iowa, and Illinois. These ores, which were ongmaUy disseminated 
through the limestones, were dissolved and redeposited in more 
concentrated form in openings in the rocks. 

Manganese ores of Arkansas and phosphate deposits of Ten- 
nessee occur in limestones of this age. 

The great oil and gas field of Ohio and Indiana derives its 
prmcipal supply from the Ordovician rocks, especially the Tren- 
ton limestone. The oil and gas were formed by the decomposition 
of the rich organic accumulations m the hmestones. 

Life op the Ordovician 

Abundance of Marine Life. — The Ordovician epicontinental 
seas literally swarmed with marine organisms, few systems contain- 
ing a fuller record of marme forms than the Ordovician because of 
very favorable conditions of fossilization. As regards both diver- 
sity and abundance of known organisms, this period is far superior 
to the Cambrian. Schuchert states that over 1600 species of 
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animals are known from the Middle Ordovician alone. It is to 
be noted, however, that, with very shght exception, Vertebrate 
animals are not known to have existed in the Ordovician. Also 
our knowledge of land plants and animals is very scant. The 
scarcity of land orgamsms may have been due to prevalent oceamc 
conditions not favorable for fossihzation, though it is also likely 
that land plants and animals had not progressed far or become 
very abundant so early in the history of the earth. Because of 
the unusual abundance and diversity of invertebrate animal forms 
in such an ancient fossibferous system, a fuller discussion will be 
devoted to these forms than in succeeding chapters. 

Plants. — In this period, as well as in the Cambrian, plant hfe 
of very simple types at least must have been abundant to serve as 

a direct or indirect food 
supply for the myriads of 
ammals. Various fossil sea- 
weeds (marine Algge) are 
defimtely known, especially 
in the Trenton series and 
younger Ordovician shales 
(Fig. 58). The rather im- 
perfect record is doubtless 
due to the fact that such 
very simple forms were un- 
favorable for fossilization. 
Defimte knowledge of land 
plants is lacking. In view 
of the abundant land flora 
of the Devonian, it seems 
more than probable that land plants existed as early as the 
Ordovician, and some may yet be discovered. 

Protozoans. — Both Forarmnifers and Radiolarians must have 
been common in the seas, because in some places many fossil forms 
have been found. As in the preceding period, many forms without 
shells almost certainly existed. 

Porifers. — Sponges were more abundant and diversified than 
in Cambrian time, and some were of large size. Usually only those 
Sponges which secreted skeletons were favorable for fossihzation, 

Coelenterates. — Hydrozoans were abundantly represented by 
the GraptoUtes (Fig. 59), and in fact the Ordovician may be said to 




Fig 58 

Ordovician Seaweeds, CalhthamTiopsis fruc- 
Hcosa (After Ruedemann) 
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have been the period of culmination of this remarkable, long 
extinct group of animals. They are so abundant and varied in 
Upper Ordovician shales that definite stages or horizons have been 
determined largely by their use. Since the Graptolites were mostly 
floating forms and widely distributed at a given time, they have 
been of great value in correlating even minor subdivisions of the 
system in such far separated regions as Great Britain, eastern 
North America, and Austraha. "^en it is further stated that all 
known Graptolites are confined to the first four great fossiliferous 
systems (Cambrian, Ordovician, Silurian, and Devonian),^ their 



Pig. 59 

Ordovician Graptolites: <z, Tetragraptua fructicosm, 6, Climacograptus hi- 
corm6, c, Diplograptus pnsiis, d, Didyrnograptus mtidus; e, Dictyonema flar‘ 
beUiforme (a, 6, d, after Hall; c, after Ruedemann; e, after Matthew.) 

additional importance as stratigraphic indices becomes evident. 
In Fig. 59 the forms represent skeletons or axes of colonies, a single 
or a double row of protoplasmic cells having been arranged along 
an axis. Forms with cells on both sides of the axis were very char- 
acteristic of the Ordovician. 

Anthozoans (Corals) were common, more especially where the 
mid-Ordovician limestones were forming. It will serve our pur- 
pose to divide the principal Paleozoic Corals into three groups or 
types as follows- (1) Cup Corals (sohtary or compound), (Fig. 
74a), (2) honeycomb Corals (compound), (Mg. 74b); and (3) chain 

1 A very few Graptohtes also occur in the Mississippian. 
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Corals (compound), (Fig. 74c). These Paleozoic Corals were all 
Tetracoralla, that is, the radiatmg partitions (septa) of the indi- 
viduals or polyps were four in number or multiples of four, while 
modem Corals, which first appeared m the Permian period, are 
Hexacoralla or Octacoralla. Modem Corals are nearly all pro- 
fusely branched and the polyps are very small, while Paleozoic 
Corals were rarely branched and the polyps were much larger, the 
cup Corals usually ranging from haK an inch to a foot or more in 
length. All three types of Corals above mentioned existed in the 
Ordovician, but solitary cup Corals were predominant. Com- 
pound forms, especially honeycomb Corals, were sometimes locally 



a he 


Fig 60 

Ordovician Echinoderms. a, Cystoid, PleurocysUs fihtextm, 
h, Crinoid, Glyptocnnus dyeri, c, Asterozoan, PaLeasterma 
stellata (a, c, after Billings, 6, after Meek ) 

abundant. Among modern Corals the compound or colonizing 
forms are by far more common than the solitary forms. 

Echinoderms. — All the classes of the Echinoderms were rep- 
resented in the Ordovician, and all of these but the Cystoids and 
Holothuroids made their first appearance. Cystoids (Fig. 60a) 
reached their climax of development in this period, though they 
did not become extmet till the Devonian. Blastoids were rare and 
represented by very primitive forms with distinct Cystoid affin- 
ities, thus strongly indicating their derivation from the Cystoids. 
In fact the Blastoids assumed little importance tiU the Missis- 
sippian. Crinoids (Fig. 60b) became promment, and, because 
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of their hard parts, were weU suited for fossihzation, though, 
on account of their highly segmented character, they usually fell 
apart after the decay of the soft parts, and consequently entire 
specimens are not common. Asterozoans (Fig. 60c), and Echinoids 
were uncommon, the latter being represented by very primitive 
forms. Holothuroids are 
not known as fossils but 
no doubt they existed 
because they lived before 
and after Ordovician 
time. 

MoUuscoids. — Bryo- 
zoans were abundant 
often as reef builders, 
particularly in the later 
portion of the period. 

Hundreds of Ordovician 
species are known. 

Though structurally (or- 
ganically) very closely 
related to the Brachi- 
opods, they are far dif- 
ferent from them m 
outward appearance, 
while they look so much 
like the Corals as often 
to be distinguished from 



them with difficulty (Fig. 
61). The Bryozoans af- 
ford a fine illustration of 


Various Ordovician Bryozoans on a slab of 
limestone. (After R S Bassler, U. S- 
National Museum ) 


a class of creatures whose genera have changed very little from 


very ancient times to the present day. 

Brachiopods became much more abundant, more varied, and 
more complex than in the Cambrian (Fig. 62). Those with hinged 
shells (Articulates) greatly outnumbered the Inarticulates for the 
first time. Also the shells usually were thicker and more difficult 
for their enemies to open because of long-hinged lines, or a fluted or 
ribbed structure, or both. As for the early Paleozoic in general, 
nearly all were straight-hinged. Many genera and species are 
known, certain of them having been much used in subdividing the 



Fig. 62 

Ordovician BracHopods: Lingula rectilateraks; 2^ OrUcukidm tenuistriata; 
Sj 5, 6, Plectamhonites sericeus; 7, Plectambonites cmtncarinatus; 8, 
Plectorthis whUfieUi; 9, lOj 11, PUssiomys retrorsa; IS, PloBSKmys pcr^- 
caia, 14y 15, Clitamhomtes amencanus, (From Ruedemann, N. Y, State 
Mm. Bid. 162.) 
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Ordovician system. Along with the Trilobites, the Brachiopodi 
were the most prominent known organisms of the period. Aboul 
300 species are known from the Middle Ordovician of Nortl 
America alone. 


a 

Ordovician Pelecypods: a, Cardiola tnterrupta (Hall); b, Orthodesmaf 
suhcarinatum (Ruedemann), c, Amhonychxa heUistriata (Hall). 

Mollusks. — As compared with the Cambrian, a wonderful 
development of Mollusks, both as regards numbers of individuals 
and species, took place in the Ordovician. 

Pelecypod bivalves were more 
abundant, usually larger, and of 
more modern aspect than before. 

Typical forms are shown in Fig. 

63. Ordovician Pelecypods, hke 
their modem representatives (e.g. 

Clams and Oysters), appear to 
have thrived unusually well where 
muds and sands were being de- 
posited, and they are therefore 
much more numerous as fossils in the Upper Ordovician shales 
and sandstones. One important contrast for the reader to keep ir 
mind is the distribution of the Pelecypod bivalves through geologic 
time as compared with the Brachiopod bivalves. Brachiopods wen 
very abundant and more varied than Pelecypods in the earhei 
Paleozoic periods, but they have steadily declined almost to extinc 
tion at the present time, while Pelecypods have steadily increasec 
in numbers and variety to recent time. 



a h 


Fig 64 

Ordovician Gastropods* a, MacLu‘ 
rea logani (Salter), 5, Ophiletc 
ctmplanata (Vanuxem). 
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Gastropods, which comprise the non-chambered, umvalve 
MoUusks, also deployed to a marked degree in this period and 
predominated over the Pelecypods. These Gastropods were m no 
essential manner different (except as to species or genera) from 
existing forms (e g the common Snail, and we have here another 
of the few excellent illustrations of an important class of ammals 
which has shown surprismgly httle change since early Paleozoic 
time (Fig. 64). 

Cephalopods. “The largest, most powerful, and perhaps the 
most predaceous of the known forms of Ordovician life were the 



Fig 65 

Ordovician Cephalopods: a, Ortkoceras sociale (Hall), &, Cyrtoceras neleiLS 
(Hall); c, Trochoceras-hke form (Silurian specimen after Barrande); d, 
Trochohtes ammonvm (Hall) 


Cephalopods, which seem to have developed into prominence with 
extraordmary suddenness. Unless the Pishes, of which very httle 
is known, contested their supremacy, they were doubtless the un- 
disputed masters of the sea. Their rehcs first appear at the time 
of the transition from the Cambrian to the Ordovician, but they 
were then so far advanced and so widely differentiated from allied 
forms as to render it probable that they had already hved a long 
time. . . . The size attained by the Ordovician Cephalopods was 
probably never surpassed by representatives of the class. Some of 
the shells were 12 or 15 feet in length, and a foot (maximum) in 
diameter. From this great size they ranged down to or below 
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the size of a pipe stem/^ ^ These Cephalopods all belonged to 
the Tetrabranch or chamber-sheUed subdivision of the class 
(Fig. 65). 

The Tetrabranch Cephalopods, for two reasons, constitute one 
of the most interesting and mstructive illustrations of evolutionaiy 
changes, ranging from the early Paleozoic to the present time, first 
because we have such an abundant record in the rocks of all these 
periods, and second because the evolutionary changes have ex- 
pressed themselves in the external or 
shell portions in a remarkable and 
easily recognizable manner. The only 
known Cambrian Tetrabranchs were 
of the verj^' simple, straight, or curved 
chamber-celled types like the Orthoc- 
eras and Cyrtoceras. In the Ordo- 
vician the straight form, e.g, Orthoceras 
(Fig. 65a) was stiU dominant, but many 
advances were made giving rise to 
more curved forms (e.g. Cyrtoceras, 

Fig. 65b), open-coiled forms (e.g. 

Trochoceras, Fig. 65c), and close- 
coiled forms (e g. Trochohtes, Fig. 

65d). AU of these forms belonged to 
the Nautiloid division of the Tetra- 
branchs, that is, their septa or chamber 
partitions, where in contact with the 
walls of the shell, were straight or at 
least very simple. Close-coiled Nauti- 
loids of the Ordovician greatly resem- 
bled the modem Pearly Nautilus, Fig 66 

which is one of the very few hvmg orthoceras restored. (Af- 
representatives of the now almost ^er Nicholson, from Le 
extinct Nautiloids (Fig. 13). The per- Conte's “Geology," cour- 

sistence of these simple close-coiled tesy of D. Appleton and 

forms from the Ordovician to the Company.) 
present is noteworthy. Ammonoids, that is to say Tetrabranchs 
with more complex septa ijunctions, appeared in the Devonian 
and became increasingly prominent well into the Mesozoic era, 
but they have not continued to the present. 

1 Chamberhn emd Salisbury. CoUege Geology ^ pp. 525-527. 
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Evolution of the Chamher-shelled (Tetrahranch) Cephalopoda 


Quaternary 


Tertiary 


Cretaceous 


Jurassic 

Triassic 


Permian 


Chamber'shelled Cephalopods rep- 
resented only by a few genera of 
close-coiled Nautiloids, e.g. mod- 
em Pearly Nautilus (Fig 13). 

Ammonoids very rare and m lowest 
Tertiary (Eocene) only 

Ammonoids much hke Jurassic 
though somewhat diminished and 
with straight forms (e g Bacuh- 
tes, Fjg 186), and curved or 
open-coiled forms more common. 

Ammonoids greatly advanced in 
numbers, species, and complexity 
of septa, and they reach their 
chmax, e g Ceratite with scal- 
loped septa (Fig. 149); Ammomte 
with highly frilled septa (Fig 166) , 
and some curved and straight 
Ammonoids 

Ammonoids common, some showmg 1 
distmctly mcreased (highly 
curved) complexity of septa (e g 
Waagenoceras, Fig 134). 


Mississippian 

Pennsylvanian 


' Much like Devoman, but complex- 
ity of septa m Gomatites some- 
. what mcreased. 


Close coiled Nauti- 
loids only persist, 
eg. Nautilus, but 
more vaned than 
now. 


Some Nautiloids pre- 
sent, but Orthoce- 
ras becomes extinct 
m Triassic. 


Nautiloids, including 
Orthoceras, persist, 
but subordinate 

Nautiloids still pre- 
dommate 


Devonian 


Silurian 


Ordovician 


Cambrian 


Ammonoids j&rst appear with only 
shght (angular) complexity of 
septa junctions, e g. Gomatite 
(Fig 91). 


Simpler forms (Nau- 
tiloids) continue as 
m Silurian 


f Much like Ordovician. No Ammo- \ Coiled Nautdoid 
I noids / forms predominate 


Close-coiled forms, e.g Trocholites 
(Fig 65d) 

Open-coiled forms, eg Trochoc- 
eras (Fig. 65c) Straight forms pre- 

Curved forms, eg Cyrtoceras dominate. 

(Fig 65b) 

Straight forms, e g Orthoceras 
(Fig. 65a) 

I Straight and curved forms only. 
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Since the Tetrabranchs are of such special interest from the 
standpoint of evolution, the accompanying tabular summary is 
given to more clearly bring out certain prominent changes of shell 
structure from Cambrian time to the present. 

Arthropods. — Crustaceans were represented by both Trilobites 
and Eucrustaceans. Trilohites, which were the chief Ordovician 
Arthropods, reached their climax or culmination of development 



a h 

Fig. 67 


Bits of Ordovician sea-bottom: a, BracMopod shells on limestone; b, Crmoid, 
Bryozoan, Brachiopod, Pelecypod, Gastropod, and Cephalopod remams in 
calcareous sandstone. (Photos by the author ) 

in numbers and species, more than a thousand species being 
known from the Ordovician alone (Fig. 68). These animals, after 
the Brachiopods, appear to have been among the most numerous 
animals of the time. Their variation in size was much like that of 
the Cambrian, but their eyes were usually larger and better devel- 
oped. Many Ordovician forms could roll themselves up, shrimp- 
like, in order to protect their soft under sides. With the rise of 
powerful enemies, first the giant Cephalopods and then the Fishes, 
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the Tnlobites dechned. Eucrustaceans were represented by 
comparatively few simple forms, e*g. Ostracods and Cinipeds 
(Barnacles) 

Arachnids, which date from Proterozoic time, were represented, 
though not abundantly, by the remarkable group of Eurypterids, 
Since these creatures reached a much fuller development during the 
Silurian period, further discussion is reserved for the next chapter. 

Insects, not even in their most primitive form, existed during 
this period. The oldest known fossil Insects occur in Pennsylvanian 
rocks. 

Vertebrates. — From the standpoint of evolution, perhaps the 
most significant feature of the Ordovician is the occurrence of the 
earliest known Vertebrates. These were very prinaitive fishlike 
forms such as Ostracoderms, which have been found in Ordovician 
strata at certain places in Colorado and Wyoming. The fossils 
are mostly very fragmentary, consisting chiefly of scales or plates, 
but some nearly complete dermal plates are known. They strongly 
suggest the Ostracoderms, but since such forms are much better 
known from the Devoman, we shall postpone a fuller discussion 
of these curious creatures. 



CHAPTER VIII 


THE StLimiAN PERIOD 
Origin of Name, Subdivisions, etc. 

We have already learned how the great body of lowest fossil- 
iferous strata in the British Isles was called the Silurian system by 
Murchison in 1835. The name was derived from Silures, an old 
tribe which once lived in part of Wales. In the preceding chapter 
we have also shown how the Silurian has since been divided into 
three systems — Cambrian, Ordovician, and Silurian. In view of 
the priority of Murchison’s term ‘^Silurian,” and the fact that the 
Ordovician strata are now known to be more important and wide- 
spread than those we call Silurian, it seems inappropriate that 
the terms Ordovician and Silurian are not employed in the reverse 
order. 

Since the Silurian strata, too, were first carefully studied in 
New York, the section for that state becomes to a very considerable 
degree a standard of comparison for all American Silurian strata. 
Like the Cambrian and Ordovician systems, the Silurian is gener- 
ally subdivided into three major portions or series, these in turn 
being subdivided into various stages. The most recent classi- 
fication by the New York Geological Survey is as follows: 

Manlius Hmestone 
Rondout waterlime 
Cobleslall limestone. 

Salma shale, salt, and waterlime (also the 
Shawangunk conglomerate). 

Guelph dolomite \ ^ 

Lockport dolomite / Niagara limestone. 

Clinton shale, hmestone, sandstone, and iron 
ore. 

Medma and Oneida sandstone, con^omer- 
ate, and shale 
Oswego sandstone 

The New York Silurian section is more complete than the 
Ordovician, because the unconformities are fewer and of lesser 

118 


SlLTJEIAN 

System 


Cayugan series 
(Upper Silurian) 


Niagaran series 
(Middle Silurian) 

Oswegan series 
(Lower Silurian) 
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importance, so that few horizons are missing. As was stated in 
connection with the Ordovician, so here, it should be remembered 
that many formation or stage names have been more or less locally 
applied in North America to formations not yet dej&nitely cor- 
related with those of New York, or to a few others not represented 
in New York. Also the lithologic character of formations may be 
quite different in different regions. 


Distribution and Character op the Rocks 

General Distribution. — The present surface distribution of the 
Silurian rocks in North America is shown on map. Fig. 69, which 
is largely self-explanatory. Certain points of comparison with the 
Ordovician (see map. Fig. 50) need to be mentioned. Thus to a 
very considerable degree the Silurian and Ordovician rocks occur 
in the same areas, the chief differences being much more extensive 
areas of Silurian strata in the Arctic Islands region, their almost 
complete absence from the upper St. Lawrence Valley, and their 
much smaller representation in the nud-Mississippi Basin, Rocky 
Mountains, and Great Basin of the west. 

As stated in connection with the two preceding areal distribu- 
tion maps, so here, the surface distribution of Silurian rocks by no 
means indicates the former or even present actual extent of these 
rocks in North America. From many regions Silurian strata have 
been removed by erosion, while m other regions they are concealed 
under cover of later rocks. Thus most of the upper Mississippi 
Basin, with its essentially horizontal strata, is underlain with 
Silurian rocks, and only the eroded edges of upturned Silurian 
strata are exposed in the Appalachian Mountains. 

The Oswegan Series. — This series, in the northeastern United 
States, consists principally of the Oswego sandstone, and Medina 
sandstone, shale, and (Oneida) conglomerate. Ripple-marks, 
cross-bedding, and the character of the fossils prove these to have 
been deposited in a very shallow, probably encroaching, sea The 
Oneida conglomerate is made up of well-rounded pebbles, bears 
all the marks of a typical marine-beach or very shallow-water 
deposit, and in central New York rests upon the eroded edges of 
the Upper Ordovician shales. 

The Niagaran Series. — This series is of special interest both 
because of its lower or Clinton beds and its higher or Niagara 
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(Lockport and Guelph) limestones. The Clinton mostly rests con- 
formably upon the Medina beds, but is more widespread than they. 



Fig 69 

Map showing the surface distnbution (areas of outcrops) of Silurian strata m 
North America. (Modified by W. J M after Willis, U. S Geological 
Survey ) 

It extends through the Appalachian Mountains, westward from 
central New York to Lake Huron and Indiana into Wisconsin, 
and probably through Illinois and Missouri. It is also known in 
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Nova Scotia. Lithologically this formation is quite variable, 
being mostly shales and sandstones in the Appalachians and 
central New York, and largely hmestone in western New York and 
farther west and southwest. This hmestone does not imply deep 
marine water, but merely shallow water comparatively free from 
land-derived sediments. A remarkable and well-mgh universal 
feature of the Chnton formation is its interstratified beds of iron 
ore (hematite) . This iron ore is especially well developed through- 
out the Appalachians, from central to western New York, Wis- 
consin, and in Nova Scotia. The ore is concretionary or oolitic 
in character and apparently a contemporaneous deposit enclosed 
within the shales or limestones. It is often highly fossihferous, 
hence the name “fossil ore.” 

Directly above the Chnton beds lies the Niagara limestone, 
which has a stiU wider distribution than the Chnton. Its type 
locahty is at Niagara Falls, and in New York state it is divided 
into the Lockport and Guelph dolomitic limestone formations. 
This mid-Silurian time was another great hmestone-making age 
almost comparable to that of the mid-Ordovician. In the United 
States, Niagara limestone is known throughout much of the upper 
Mississippi Valley and Great Lakes region, southward to Ten- 
nessee, and westward to Missouri, Oklahoma, and northern Texas. 
In Canada it is'widely distributed in Mamtoba, just west of Hud- 
son Bay, and in the Arctic Islands. Niagara limestone also quite 
certainly occurs in parts of the western United States, though 
defimte correlations are not yet made. Coral reefs are of common 
occurrence in the formation. It should not be understood, 
however, that limestone was universally forming during Niagara 
time, exceptions being, for example, Niagara shales in central 
New York and in Nova Scotia. 

The Cayugan Series. — The Salina formation rests directly 
upon, but is much less extensive than, the Niagara formation, 
being found only through parts of Pennsylvania, New York, 
Ontario, Ohio, and Michigan. Lithologically the formation is 
quite variable, including aU the common t3pes of sediments as 
well as waterlime (hydrauhc limestone), red shales, and salt and 
gypsum beds. The Shawangunk conglomerate, until quite recently 
classed with the Oneida, is of Salina age. The eroded edges of its 
resistant, tilted strata form the Shawangunk Eidge (so-called 
Range) of southeastern New York and the Eattatinny Range of 
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New Jersey and Pennsylvania. The Delaware Water Gap is cut 
through this formation (see Fig. 213). 

Overlying the Sahna beds, but considerably more extensive, 
are the hmestones and waterhmes of CobleskiU, Rondout, and 
Manhus ages which reach from Pennsylvania and New York west- 
ward to Indiana and Wisconsin. 

Silurian Rocks of the West. — Defimte subdivisions and corre- 
lations of the Silurian strata of the West have not yet been made, 
but in certain regions, like parts of the Great Basin, there appears to 
be a great succession largely of hmestone strata ranging in age 
from Middle Ordovician (Trenton) to Devonian. 

Thickness of the Silurian. — From central to western New 
York the thickness of the Silurian system is from 1000 to 1500 
feet. Its usual thickness is from 2000 to 6000 feet in the Appa- 
lachians, while in the Mississippi Valley the thickness is generally 
less than 1000 feet. The Niagara limestone is a notable exception 
to the usually greater thickness of the early Paleozoic strata in 
the Appalachian region, since in Wisconsin it is some 700 or 
800 feet thick, while in the east it is only from 100 to 300 feet. 
In Maine the Silurian system contains 6000 feet of strata and 
thousands of feet of volcamc rocks. A thickness of about 1000 feet 
of Silurian occurs m central Utah, and 2500 feet in Alaska. 

Igneous Rocks. — In North America volcanic igneous rocks of 
Silurian age occur in Maine, Nova Scotia, and New Brunswick. 

Physical History 

Early Silurian. — We have learned that, as a result of physical 
disturbance toward the close of the Ordovician, much of the interior 
Paleozoic sea was drained, causing the land area to be so much 
enlarged that it was as extensive as at any time since the beginning 
of the Paleozoic era. This was essentially the geographic condition 
of the continent at the beginning of the Silurian. The boldest 
topographic feature was the presence of the newly formed Taconic 
Range along the Atlantic seaboard. 

During Early Silunan (Oswegan) time there was a more or less 
gradual encroachment of the sea until in the late Lower Silurian 
when about one-third of the continent was flooded. The relations 
of land and water of that time were approximately as shown by 
map Fig. 70. 
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Middle Silurian. — In Middle Silurian time the sea first with 
drew from Canada with the exception of the St. Lawrence regioi 
and part of the Arctic Islands. Then a grand marine invasion sei 
in, especially over much of Canada, reaching a climax in lat( 
Middle Silurian (Niagaran) time. This was one of the four or five 
most extensive floods in the known history of North America 
About one-half of the continent was then under water. The gen 
eral relations of land and water, about as shown on map Fig. 71 



Paleogeographic map of North America dunng Early 
Silurian time areas, land; ruled areaa, sea 

(Principal data, modified by the author, from maps by 
C. Schuchert ) 

were much like those of Middle Ordovician time with the exception 
of the much larger Silurian land area in the central part of the 
continent. That this vast Niagaran sea was a shallow-water (epi- 
continental) sea is definitely known for reasons similar to those 
given in the discussion of the broad Ordovician seas. 

Volcanoes were active during Middle Silurian time in. Maine 
and parts of the St. Lawrence Basin. 
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Late Silurian. — Two interesting events mark the physical 
history of late Silurian time, namely a very considerable with- 
drawal of the extensive (Niagaran) sea in early Cayugan (Salma) 
time, and a considerable, though only partial, reextension of the 
sea in later Cayugan time. That a very appreciable retrogression 
of the Niagaran sea ushered in Salma time is proved by both the 
comparatively restncted distnbution and the character of the 
Salina strata. Thus in the eastern United States and Canada 



Fig 71 


Paleogeographic map of North America durmg Middle 
Silunan time. White areas, land; ruled areas, sea. 

(Principal data, modified by the author, from maps 
by B Willis and C Schuchert ) 

Sahna strata occur only through parts of Pennsylvania and south- 
ward to Virginia in the Appalachians, New York, Ontario, Ohio, 
and Michigan, and are quite generally characterized by red shales 
and sandstones, and by salt and gypsum deposits. Such materials 
imply and chmate conditions, with deposition m extensive lagoons 
or more or less cut-off arms of the sea, rather than typical open 
sea conditions. At the same time arms of the sea existed in the 
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St. Lawrence Basin, the Mackenzie River Basin, and across south- 
ern Cahfomia into Nevada. 

Since the immediately overlying Cayngan formations (Cobles- 
kiU, Rondout, and Manlius) are mostly marine deposits and more 
extensive than the Salina, it is evident that there was at least a 
partial restoration of more widespread marine waters in the eastern 
Umted States durmg later Cayngan time. This later Cayugan sea 
spread from eastern New York westward over the Salina lagoon 



Fig 72 


Early Upper Silurian (Shawangunk) conglomerate resting by un- 
conformity upon Ordovician shale near OtisviUe, New York. 
(After New York State Museum.) 

areas and into eastern Wisconsin, and from eastern New York 
southward through the Appalachian district The St. Lawrence 
and Cahforma-Nevada arms of the sea stiU persisted. So far 
as known the rest of the continent was dry land. 

In addition to these broader and more important geographic 
changes during the Silurian period, there were of course various 
minor and generally local changes of relative level between land and 
sea, some of these now being known and some not yet determined. 

Close of the Silurian. — At the close of the Silurian, or opening 
of the Devonian, the Cayugan sea withdrew from the area from 
central New York to Wisconsin, and but few comparatively small 
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areas of North America were submerged, as shown on map (Fig. 81) . 
This was essentially the geography of the continent in earliest 
Devonian time, and it is discussed in the next chapter. 

There appear to have been no mountain-making (orogenic) 
movements, and no important epeirogenic disturbances at the close 
of the Silurian in North America. Because of the comparatively 
quiet and gradual transition into the succeeding period, the Silurian 
and Devonian systems are usually not sharply separated from each 
other, and often, as in New York and in the Appalachian region, 
there has been difficulty in satisfactorily dividing the systems. 

Foreign Silurian 

The Ordovician division of Europe into two great provinces or 
basins of deposition — northern and southern — was continued in 



Eg 73 

Sketch map showmg the relations of land and water m Europe dunng Mid- 
dle Silurian time White areas, land, ruled areas, sea (Modified by the 
author after F X Schaifer ) 
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the Silurian, though the latter strata are not so widely distributed. 
The faunas of these two provinces show greater differences than 
does the northern province as compared with North America, or 
even other contments. This implies a lack of free communication 
between the southern European province and the more typical 
Silurian provinces of the earth. 

As in America, European Silurian strata are largely concealed 
beneath later formations. Usually the Silurian rests conformably 
upon the Ordovician, except in the British Isles. Also in most of 
Europe the transition to the Devonian was gradual, except in the 
British Isles, where the Silurian strata were tilted and eroded before 
the deposition of the Devonian. In much of the southern province 
the rocks are folded and tilted, though this deformation took place 
sometime after the close of the Silurian. In mid-Silunan, as in 
North America, much limestone was formed across the British 
Isles, southern Scandinavia, and well mto Russia. Silurian strata 
of Europe are not as thick as those of the two immediately preced- 
ing systems, being from 3000 to 5000 feet in the British Isles, and 
generally less elsewhere. Igneous rocks of Silurian age are almost 
unknown. 

In other continents Silurian rocks have seldom been weU studied 
and separated from the Ordovician, though they are definitely 
known in China, Africa, Austraha, and South America. 

Climate 

The general distribution and character of the rocks and their 
fossil content point to more uniform climatic conditions than those 
of today. Fossils in the Arctic Silurian rocks are not essentially 
different from those of low latitudes. 

From central New York across to Michigan at least, there was 
an arid climate during the Salina epoch, as already mentioned, but 
this was probably only local. 

Economic Pboducts 

Silurian sandstones and limestones are extensively quarried for 
building purposes, or the limestones burned to make quick-lime. 
The waterhmes of late Silurian age were until quite recently con- 
siderably used for the manufacture of hydraulic cement, especially 
in the Hudson Valley of New York state. 
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We mentioned the widespread and almost umversal occurrence 
of hematite iron ore in the Chnton formations. This ore is mined to 
some extent in central and western New York, but m the Birming- 
ham, Alabama, district, which is the second greatest iron mimng 
region of America, the Chnton formation is the source of the ore. 

Another important economic product of Silurian age is the salt 
of the Salina formations. In New York alone salt beds underhe 
most of the western part of the state or an area of about 10,000 
square miles. Sometimes there is one bed and sometimes several 
interstratified with other rocks. Smgle beds locally attain a thick- 
ness of from 50 to 80 feet. In the southern part of the state the 
salt IS most deeply buried under later rocks, a weU at Ithaca having 
passed through 248 feet of salt in seven beds below 2244 feet from 




h 

Fig 74 



Silurian and Devonian Corals a, Cup-coral, Zaphrentis roemen (M Edwards 
and Haime) (Devonian form); &, Honeycomb-coral, HehoVites pynforrms 
(Guettard); c, Cham-coral, Haly sites catenulatus (Linn ) 


the surface. Toward the north the beds gradually come near the 
surface. Important salt beds also occur near Cleveland, Ohio, 
and Detroit, Michigan. The usual method of obtaimng the salt 
is by pumping brine from deep wells, and then evaporating. 

Much gypsum is mined along the Imes of outcrop of Cayugan 
strata m western New York. 

Oil and gas are obtained from the Clinton sandstone of Ohio, 
and some gas from the Medina sandstone of New York. 

Life of the Silurian 

Plants. — Sea-weedSy though not abundant as fossils, are weU 
known, especially in the Medina-Oneida sandstones and con- 
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glomerate, and Clinton formation, all of which were deposited m 
very shallow water. Knowledge of the land plants of the period 
IS still very meagre, though some rather doubtful specimens, 
such as mosshke forms, are known. Perhaps the most authorita- 
tive example is a fossil 
fernlike plant from 
France, which shows 
that the Pteridophytes 
at least were in exist- 
ence. Considering the 
profuse land vegetation 
of the next (Devonian) 
period, it seems certain 
that their progenitors 
must have been weU 
represented in the Si- 
lurian, and that either 
their remains may yet 
be discovered, or the 
conditions for their 
preservation were un- 
favorable. 

Protozoans have 
not been found as fos- 
sils, but they must have 
existed, because they 
are known from both 
the preceding and suc- 
ceeding periods. 

Porifers. — Sponges 
were common, and in 
the Silurian strata of 
western Tennessee they 
are exceedingly abund- 
ant. A genus of nearly 
spherical forms with deep grooves was particularly prominent. 

Coelenterates. — GraptoUtes, though greatly diminished m im- 
portance, were still fairly common. The more complex colonies, 
such as branching forms and those with double rows of cells on their 
axes, were nearly extinct, the simple forms mostly only remaining. 



Dg 75 

Silurian Echinoderms: a, Cystoid, Caryocnrms 
omatus, b, Blastoid, TroostocnniLS remwardti, 
c, Crmoid, Ev^alyptocnnus crassiLS. (After 
Say, Troost, and Hall respectively ) 
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Anthozoans (Corals) increased in prominence to a very notable 
degree, and the simple Cup Corals (Fig. 74a) of the Ordovician were 
superseded in importance by the colomzing or compound forms. 
Cham Corals (Fig. 74c), which were rare in the Ordovician, reached 
their chmax of development, but became nearly extmct by the close 
of the period. Honeycomb Corals (Fig. 74b) were also common. 

Echinoderms. — Though the Cystoids reached their chmax in 
the Ordovician, they were still abundant in the Silurian, the Ni- 



Fig. 76 

Silurian Trilobites* a, Sphcerexochus mvrus (Bey); 6, Staurocephdlus 
murchisoni (Barr ) ; c, Defiphon forhesi (Barr ) , d, Calymem magarensis 
' (Hall), e, Cyphasjm chnstyi (Hall) (From Chambeihn and Salisbury's 
“CJeology," courtesy of Henry Holt and Company ) 

agara hmestone near Chicago being particularly rich in them. 
Many were unusually large, and some showed greater degree of 
symmetry in arrangement of plates than before (Fig. 75a). 

Blastoids stiU remained rare, only two genera being known 
(Fig. 75b). 

Cnnoids very considerably increased in numbers and species 
as well as in complexity of structure (Fig. 75c). ^*They attained 
such abundance in certain locahties that their fragments formed 
the main substance of the limestone. These spots became veritable 
^flower-beds’ of ‘stone lilies,’ and certain localities, as Lockport, 
N. Y.; Waldron and St. Paul, Ind., Racine, Wis., Chicago, 111., 
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Gotland, Sweden, and Dudley, England, have become noted as 
peculiarly rich crinoidal fields, where beautiful and varied forms 



Fig 77 


A Silurian Eurypterid, Eurypteris remipes, restored to show 
dorsal side. (After Clarke and Ruedemann, N. Y State 
Mus. Mem. 14.) 

grew in groves, as it were/' ^ About 400 species are known from 
the Silurian of North America. 

Aster ozoans (Star-fishes) and Echinoids (Sea-urchins) became 
1 Chamberlin and Salisbury. Geology, Vol 2, p. 4(X). 
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more common, though by no means abundant. Modem Searurchins 
have exactly twenty rows of calcareous plates tightly fitted to- 
gether, while Paleozoic forms had a variable number of plates, and 
in some forms the plates were only loosely joined together, this 



A Silurian Scorpion, Paleophonm cale- 
domauSj by Hunter after Peach 
(From Le Conte's “Geology," per- 


latter feature apparently being 
a primitive characteristic. 

Molluscoids. — Bryozoans 
were less prominent than in 
the Ordovician, but, neverthe- 
less, they were often common 
as reef builders. Their lack of 
abundance may be somewhat 
apparent only, due to the fact 
that more delicate forms pre- 
vailed. 

Brachiopods continued to 
be the most prominent of all 
organisms as regards both 
number of individuals and 
species, and this in spite of 
the fact that very few Ordo- 
vician species, and not many 
genera, continued from the 
Ordovician into the Silurian. 
Two genera, Spinfer and Pen- 
tamems, made their first ap- 
pearance and were especially 
prominent in the Silurian, but 
became even more so in the 
Devoman. The Spirifer devel- 


mission of D. Appleton and Com- 
pany) 


oped a long, straight, hinge 
line, while the Pentamems 


had a sort of hook-shaped beak projecting over the hinge hne. 

MoUusks. — The Peleaypods and Gastropods were stiU common, 
but they were in no important way different from those of the pre- 
ceding period. 

^ Cephalopods were represented only by the Nautiloids. Of 
these, the straight (Orthoceras) forms were still common, but the 
curved and coiled forms became predominant. Some of the Nauti- 
loids were notably ornamented externally. Otherwise, except 
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for many genera and species changes, the Cephalopods were 
much hke those of the Ordovician, which are rather fully discussed. 

Arthropods. — Crustaceans were represented by Merostomes, 
Tnlobites and Eucrustaceans. Horse-shoe Crabs, representing the 
Merostomes, first appeared in the Silurian. Tnlobites culminated 
in the preceding period, but they still continued to be common. 
A few new genera appeared, but more disappeared. Silurian Tri- 
lobites were perhaps more diversified than in any other period. 



Fig. 79 

Animal tracks on Silunan sandstone from Clinton, New York 
Length of specimen, 10 inches. (Photo by the author.) 


^'Like the decadent nations revealed to us in human history, 
they indulged in extravagant and futile eccentricities, iU befitting 
their approaching overthrow. Odd and highly ornate forms 
appeared in profusion (Fig. 76b, c), and in most instances the 
spines, tubercles, and horns which they produced seem to have 
had httle or no real value in their life activities. We shall see in 
studymg later periods that similar eccentricities mark the fall of 
other groups, such as the Amm onites and the Reptiles.'' ^ Eucrus- 
taceans were much like those of the Ordovician. 

1 Blackwelder and Barrows. ElemerUs oj Geology, pp. 352-353. 
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Arachnids, represented by the Eurypterids, greatly increased 
in numbers, species, and size, and they appear to have culminated 
in this period. The following bnef description, together with an 
examination of Fig. 77, will serve to give a fair idea of the appear- 
ance and structure of these remarkable creatures. In the typical 
Eurypterid, a quadrate or semicircular head has behmd it twelve 
movable segments making up the abdomen, and attached to the 
last segment is either a spine or plate-hke tail. The five pairs of ap- 
pendages aU come out from the head portion, thus being markedly 
different from the Tnlobites. The first pair of appendages are 
much enlarged, sometimes provided with pincers and sometimes 
not, while the fifth pair are usually long and they serve as swim- 
ming paddles. They varied greatly in size, one species, from the 
Silurian, having attained a length of over six feet and so is one of 
the largest known Arthropods. Many Eurypterids appear to have 
been marine animals, while others probably lived in fresh or brack- 
ish water lagoons. The Arachnids mcluded also the earhest known 
Scorpions (Fig. 78), which were in many respects similar to the 
Eurypterids. These Scorpions are to be classed among the very 
early, if not earliest, defimtely known land or air-breathing animals 
to inhabit the earth. 

Vertebrates. — The only known Silurian Vertebrates were of 
very simple types, such as the Ostracoderms and primitive Fishes, 
probably Sharks. All of the Ostracoderms were small, odd-shaped 
creatures, but rather closely related to the more prolific Devonian 
forms to be described later. 

When we consider the fact that fully one-half of known geologi- 
cal time had passed before the close of the Silurian, it is a remark- 
able fact, from the standpoint of evolution, that Vertebrate hfe 
had made not more than a meagre beginning by Silurian time. This 
fact is even more impressive when we realize something of the tre- 
mendous advances made by the Vertebrates and the great variety 
of their forms which have inhabited the earth since Silurian time, 
as outlmed in the following pages of this book. 
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Origin of Name, Subdivisions, etc. 

In 1839 Sedgwick and Murchison gave the name of Devonian tc 
strata in the county of Devonshire in England where rocks of this 
age were first carefuUy studied. Because of the metamorphosed 
and highly disturbed character of the English Devoman, the 
sub-divisions in Europe were not weU worked out until the more 
undisturbed rocks of Belgium and along the Rhine were studied. 

In North America the New York subdivisions are taken as the 
standard, because the Devonian strata were first carefully studied 
there. The New York Devonian section is a remarkably complete 
one of very considerable thickness (fully 4000 feet), with not a 
single stage missing, except possibly the very lowest one, and with 
a surface distribution over fully one-third of the area of the state. 
There was practically continuous deposition of strata during Devo- 
nian time in New York, and if locally a stage or sub-stage is missing, 
it is present elsewhere in the state. It is doubtful if a greater 
degree of refinement of knowledge exists regarding so complete a 
section of the Devonian or of any other Paleozoic system in North 
America than that in regard to New York state. 

The latest classification of the New York Devonian system by 
the State Geological Survey follows: 


Upper Devonian 


Chautauquan Q^emung and Catskill sandstones, 
senes ® 


Senecan 

series 


{ Portage sandstones and shales. 
Genesee shales. 

TuUy limestone. 


Middle Devonian 


Brian 

series 


Ulstenan 

series 


f Hamilton shales and limestone. 
^ MarceUus shales and limestone. 

f Onondaga limestone. 

[ Sohohane gnt. 
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Onskanian 

series 


Lower Devonian 


Esopus gnt 

Oriskany sandstone and Glenerie lime- 
stone 

Connelly conglomerate 
Port Ewen limestone 


Helderbergian 

series 


Becraft limestone 
New Scotland limestone. 
Kalkberg limestone 
Coeymans limestone 


For a long time the Helderbergian series was placed with the 
Silurian system, but on the basis of careful study of its fossils, it is 
now generally agreed that it really represents the lowest portion of 
the Devonian system. This is a good example of the difficulty in 
drawmg the line between two systems when no sharp stratigraphic 
break or unconformity exists. 

As stated in connection with the precedmg system, so here the 
reader should know that in many parts of America where definite 
correlations have not been made, local subdivisions or stage names 
are employed, and also that the lithologic character of the various 
stages in New York may be quite different from those in other 
regions. 


Distribution and Character of the Rocks 

General Distribution. — The map (Pig. 80) gives the surface 
distribution of all known Devonian rocks in North America. A 
comparison with the Silurian strata map (Fig. 69) wiU show that, 
in the eastern part of the continent, these two rock’ systems are 
very similar in distribution, though the Devonian is absent from 
Newfoundland and is of much larger surface extent m New York. 
As compared with the Silurian the only other important differ- 
ences are the much larger Devonian area in the Mackenzie 
River region and the much smaller areas in the Arctic Islands 
region. 

It should again be borne in mind that these surface areas of 
Devonian rocks fall far short of indicating the actual former, or 
even present extent of rocks of this age, because considerable 
Devonian rock has been removed by erosion, and much is now 
buried under later formations. Thus m the Appalachians and 
the mountains of the western United States, the Devonian strata 
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have been highly folded with others, so that only the outcropping 
edges are visible. In the Mississippi Basin, where the strata are 
essentially horizontal, deep well borings have proved that the 
Devonian strata are extensively distributed under cover of later 
rocks. 

* Lower Devonian Rocks in the East. — The Helderbergian series 
is very linnted in its distribution, and is found almost wholly in 
eastern North Amenca in three regions: (1) Maine, eastern Quebec, 
Nova Scotia, and New Brunswick; (2) the northern and middle 
Appalachians; and (3) in the lower Mississippi Valley m Oklahoma, 
southeastern Missouri, and western Termessee and Kentucky. 
Limestone almost everywhere makes up the series which ranges 
in thickness up to 600 feet. 

The Oriskaman senes is chiefly represented by the Oriskany 
sandstone, the other members of the series being only of mere lo- 
cal importance. The Oriskany formation is extensively developed 
from central New York southward through the Appalachian region 
to Alabama, and in the eastern Mississippi Valley. Its thickness 
varies from a few feet m New York, to several hundred feet m 
western Maryland. In northern Maine, New Brunswick, and 
Nova Scotia, the Oriskany (much of it limestone) is well developed 
though not much studied. 

Middle Devonian Rocks in the East. — The Ulsterian rocks, 
except the Schoharie grit which is limited to eastern New York, are 
much more extensive than the Lower Devonian. 

The Onondaga limestone formation extends from eastern New 
York and Pennsylvania westward to northern Michigan and south- 
ern Ilhnois, except over the Cincinnati anticline area Its entire 
absence from aU but the northern portion of the Appalachians is 
particularly noteworthy. Its thickness is seldom over 200 feet, and 
it IS often largely made up of Corals, as for example at the Ohio 
River rapids near Louisville. In northern Maine, New Brunswick, 
and Nova Scotia, the Onondaga limestone is widespread and appar- 
ently many hundreds of feet thick. It also occurs at the south end 
of Hudson Bay. 

The Brian series, represented by the Hamilton and MarceUus 
shales and limestones, has very much the same distribution as the 
Onondaga, except for the absence of Erian from the south end of 
Hudson Bay, and additional Brian areas in the middle Appalach- 
ians, Iowa, northern Missouri, and just west of Lake Winnipeg. 
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In the east, shales were deposited, attaining a thickness of 1500 
to 5000 feet m Pennsylvania, while in the upper Mississippi Basin, 



Fig. 80 

Map showing surface distribution (areas of outcrops) of Devonian strata in 
North America. (Modified by W, J. M after Wilhs, U S Geological 
Survey ) 

where much limestone still formed, its thickness is notably less. 
A good idea of the distribution (surface and concealed) of the 
Middle Devonian rocks is afforded by noting the water areas on the 
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paleogeographic map (Fig. 82), though from these areas some 
Devonian strata have been removed by erosion. 

Upper Devonian Rocks in the East. — These show a distribution 
very similar to the Middle Devoman, except that the southern 
Appalachians and region immediately westward also contain them. 
Leaving out the area of Onondaga at the south end of Hudson Bay, 
a good conception of the distribution of the Upper Devoman rocks 
may be gained by examining the map (Fig. 82), because almost 
everywhere that any Devonian is present, the Upper Devonian 
also occurs. 

The Senecan senes, except for the comparatively thin and local 
Tully limestone, consists of the Genesee shales, and Portage sand- 
stones and shales. The Genesee ranges m thickness from a few 
feet in western New York, to several hundred feet in central 
Pennsylvama, while the Portage is over 1000 feet thick in western 
New York. 

The Chautauquan (CatskiU ^ and Chemung) series of sandstones 
have a thickness of 1000 to 1500 feet in western New York; 3000 
feet in eastern New York; and a maximum of 8000 feet in eastern 
Pennsylvania. The CatskiU was quite certainly mostly a fresh or 
brackish water deposit. 

In the Mississippi VaUey, westward from New York and the 
Appalachians, the Upper Devonian is much thiimer; subdivisions 
are not so weU represented, or recogmzed; and the New York 
names have not been apphed. 

Devonian Rocks in the West. — Lower Devonian strata, largely 
limy, occur in Nevada, eastern California, and Kennedy Island 
west of northern Greenland. Middle and Upper Devonian strata, 
mostly hmestones, are extensively developed in western North 
America within the areas represented as covered by the sea in 
map Fig. 82. The Devonian of the west has only here and there 
been studied in detail 

Comparison of Ordovician, Silurian, and Devonian Systems. — 
‘‘Comparing the rocks of the Ordovician, Silurian, and Devonian, 
as these are developed in the Appalachian and adjoining regions, 
a certain rhythroic or periodic recurrence of events may be dis- 
covered among them. Each system is characterized by a great 
and very widespread limestone formation, the Trenton, Lockport- 

1 The Catskill is essentially an eastern phase of the Chemung in New 
York. 
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Guelph (Niagara), and Onondaga (Hamilton), respectively, and in 
each the limestone is succeeded by shales or other clastic rocks, the 
Utica, Salina, and Portage (respectively), due to an increase of 
terrigenous material, and each was closed by a more or less wide- 
spread emergence of the sea-bottom. Each began with a subsidence 
which gradually extended to a maximum at the time when the 
great limestone was formed. The parallelisms are not exact, but 
they are certainly suggestive.^^ ^ 

Thickness of the Devonian. — In the northern Appalachian 
Mountains the Devonian system attains a ma^dmum tMckness of 
some 14,000 or 15,000 feet. In the southern Appalachians the 
thickness is usually less than 1000 feet. In New York state the sys- 
tem has a thickness of 4000 to 7000 feet. Over much of the 
upper Mississippi VaUey the thickness is generally less than 1000 
feet, though rather locally, in Ohio, a thickness of fully 3000 feet is 
reached, 2600 feet of this being Upper Devonian shales practically 
equivalent to the Portage and Chemung beds of the east. In 
Nevada the system appears to show 6000 feet of limestone and 
shale. In Utah the system reaches a thickness of about 6000 feet. 

Igneous Rocks. — For Devonian time, as for the earher Paleo- 
zoic periods, the evidence indicates relatively little igneous activity. 
The greatest scene of activity was m New England, New Brunswick, 
Nova Scota, and eastern Quebec where many sheets of lava are 
interbedded with Devonian strata, and where considerable masses 
of granite magma were intruded. Devonian lavas are also known 
in northern California. 


Physical History 

Early Devonian. — In earhest Devonian (Helderberg) time most 
of North America appears to have been dry land Inspection of the 
paleogeographicmap (Fig. 81) of that time shows that marine waters 
occupied a long, narrow area in the east This sound covered the 
sites of the Appalachian Mountains, western New England, and the 
St. Lawrence Basin, connecting the last named region with the Gulf 
of Mexico. It was much like the Early Cambrian sound in the same 
region. Since the Helderberg formation is chiefly hmestone, the 
waters were clear and this implies no adjacent high lands, or at least 
no rapid erosion. In the west an arm of the sea must have reached 

^ W. B. Scott: An Introduction to Qoohgy^ 2nd ed , pp. 577-578 



THE DEVONIAN PERIOD 


141 


into the Nevada Basin as proved by the Helderberg linaestone 
there, the connection with the Pacific probably having been across 
Cahf omia as suggested by the later geographic conditions (see Fig. 
81). Part of the Arctic Islands region was submerged, as weU as a 
httle of southern Alaska. 

The Oriskany sea was more widespread and covered the whole 
Appalachian region from central New York to Alabama and west- 



Fig 81 

PaleogeograpMc map of North America during early 
Lower Devonian time. White areas, land; ruled areas, 
sea (Prmcipal data, modified by the author, fiom 
maps by C Schuchert.) 

ward over much of the eastern upper Mississippi Basin, except 
probably the Cincinnati anticline area. Nova Scotia-New Bruns- 
wick remained submerged. The sharp change to deposition of 
coarse, clastic sediments argues for considerable land rejuvenation, 
or much more rapid erosion, or both. The sediments are of distinctly 
shallow-water character, and the fossils show the fauna to have 
been suited to such conditions. The fossils are remarkably smnlar 
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to those of the same age (Coblenzian) in Europe from which region 
they appear to have migrated. “The evidence then is fairly 
conclusive that during the period represented by the Coblenzian 
Oriskany, the arenaceous epicontinental sediment was the ground 
traversed by the Coblenz fauna westward along the North Atlantic 
continent^' (J. M. Clarke). In other words, there must have been 
a land connection between Europe and North America. 



Fig 82 

Paleogeographic map of North America durmg late 
Middle and Upper Devonian time. White areas, land, 
ruled areas, sea (Principal data, modified by the 
author, from maps by B. Wilhs and C. Schuchert.) 

Middle Devonian. — ^An outstanding feature of North American 
Devoman history was the more or less steady advance of marine 
waters from the beginning of the penod to beyond the middle. 
This marine invasion, first in the east and then in the west, reached 
a grand climax in late Middle Devonian (or Hamilton) time when 
fully 40 per cent of the continent was submerged as shown by map 
Pig. 82. This was one of the five or six greatest known floods in the 
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history of North America It should be noted that Appalachia and 
Canadia were connected across New England and the Upper St. 
Lawrence Basin 

During early Middle Devonian (Onondagan) time in eastern 
North America, the sea must have been mostly clear, shallow, and 
comparatively warm as indicated by the widespread accumulation 
of corallme hmestone. Evidently there were no rapidly eroding 
lands. 

Late Middle Devonian (Hamilton) time witnessed an interesting 
physical change probably due to a very considerable rejuvena- 
tion of northern Appalachia, resultmg in renewed erosion and 
deposition of vast quantities of muds in the eastern part of the 
interior sea. These muds are now hardened and called the Mar- 
ceUus and Hamilton shales. Farther westward m the Mississippi 
Basin, however, much limestone still formed in the clearer sea. 

Late Devonian. — The great sea which was so extensive in the 
late Middle Devonian continued to cover nearly the same areas in 
early Upper Devonian time. Then the sea began to retire from the 
land, first from the east and finally from the west, leaving the whole 
continent, as far as we know, diy land at the close of the penod. 

In New York and the northern Appalachian region, there was a 
tremendous accumulation of sandstone together with more or less 
shale and conglomerate. The Chemung-Catskill formation, as 
already stated, is largely a shallow-water, non-marine deposit from 
1500 to 8000 feet thick m New York and Pennsylvama. The few 
known fossils are non-marine types. This, together with the 
common occurrence of red shales and sandstones, and the great 
thickness of the beds, all point to the origin of this remarkable 
formation as either a great delta deposit pushed out into the 
shallow mterior sea, or as an estuarine or lagoon deposit. Notable 
thinning toward the west proves the material to have come from 
the east, doubtless from greatly rejuvenated Appalachia. Farther 
westward, over Michigan, Iniana, and Tennessee, the deposits 
formed at the same time were mostly shales, usually not over a 
few hundred feet thick. 

Close of the Devonian (Acadian Revolution). — Because the 
late Devonian sea withdrew entirely from the continent, no transi- 
tional Devonian-Mississippian strata are known. In other words, 
the Devonian andMississippian systems of rocks are separated by 
an unconfomnty, though usually not a profound one. 




Fig. 83 

Upper Devonian shales along the (jenesee River m western New York. 
(Photo by C. Streb, courtesy of the New York State Museum.) 
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Real mountain-making is known to have taken place in only one 
region, namely, throughout most of New England, New Brunswick, 
Nova Scotia, and Newfoundland. This has been called the Acadian 
Revolution. The movement of folding and elevation, accompanied 
by igneous activity (both plutomc and volcanic), began well be- 
fore the end of the period and reached a climax near its close. 
Succeeding Mississippian strata rest by unconformity upon the 
more or less upturned and eroded rocks of the region. 

The rise of the Acadian Mountams no doubt so rejuvenated 
northern Appalachia that a large stream from it produced the 
great Late Devonian delta above described. 


Foeeign Devonian 

Europe. — It may be said in general that the Devonian of 
Europe began with a progressive transgression of the sea, con- 
tinuing till near the close of the period when much of the continent 
was submerged as shown in Fig. 84. The more or less well defined 
land barrier, which, since Cambrian time, had quite effectually 
kept Europe divided into two provinces or basins of deposition 
(a northern and a southern), still persisted 

In the southern British Isles there are thick marine strata con- 
taining much contemporaneous igneous rock (lava sheets), while in 
the northern portion occurs the famous ^^Old Red Sandstone 
which is largely of continental origin. This sandstone attains a 
greatest thickness of fully 20,000 feet, of which 6000 feet are inter- 
bedded lavas and tuffs. Deposition of the sandstone appears to 
have taken place, probably partly as delta and partly as wind-blown 
deposits, in basins or lagoons more or less cut off from the open sea, 
or at times in fresh-water lakes. Fossils are not abundant, but 
they constitute a remarkable assemblage of land, fresh water, and 
marine species scattered through various horizons. In many 
respects the “Old Red Sandstone” is much hke the Chemxmg- 
Catskill formation of America. 

The typical marine strata of Germany also contain many beds 
of lava, thus indicating much igneous activity during the period. 

In west-central Europe much of the Devonian has been meta- 
morphosed. 

Typical marine limestones, shales, and sandstones were exten- 
sively deposited in Spain, France, Switzerland, much of Austria, 
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and Russia, but with Lower Devonian mostly absent from Russia. 
Coralline limestones are prominent m the Alps. 

Other Continents. — The Devonian sea spread over most of 
Siberia and into central Asia and China. Rocks of this age are 
also known in various parts of southern Asia, northern and south- 
ern Africa, Austraha, New Zealand, and in South America they 



Fig 84 

Sketch map showing the relations of land and water in Europe during the 
Upper Devoman. White areas, land; ruled areas, sea. (Modified by the 
author after F. X Schafer ) 

appear to be more widespread than the rocks of any other Paleozoic 
system. Most of South America must have been submerged under 
a transgressing sea. 

Climate 

The general distribution and character of the fossils, as for 
example the Corals of the Onondaga sea, indicate rather mild and 
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uniform climatic conditions. 
Possibly such red formations 
as the GatskiU and the “ Old 
Red Sandstone were formed 
under and or semi-and con- 
ditions. What appears to be 
boulder clay with stnated 
pebbles, implies at least local 
glaciation in South Africa. 

Economic Pboducts 

Oil and gas are principally 
denved from Devoman strata 
in the great fields of western 
Pennsylvania, West Virginia, 
and western New York. 

Flagstones of Devonian 
age are extensively quarried 
in southern New York and in 
Pennsylvania. 

Black phosphate deposits 
occur in the Upper Devonian 
shales of central Tennessee. 

Life of the Devonian 

Plants. — Of the Algce, 
both Sea-weeds and Diatoms 
are known in fossil form, 
though they are not abund- 
ant. Certain forms regard- 
ed as tree-like Sea-weeds 
were remarkable for their 
size, having attained a diam- 
eter of two or three feet. 
Diatoms are unicellular, 
aquatic plants of microscopic 
size which secrete shells of 



Fig 85 

A restoration of one of the oldest trees 
of the earth It is a primitive Lyco- 
pod {Arckeosigillana primeva) recon- 
structed from a specimen found in 
the Devonian strata of New York. 
(Courtesy of the New York State 
Museum ) 


silica, and some of Devonian age are known. In some of the 
later periods these tiny plants were of considerable importance. 
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No Bryophytes (Mosses) have yet been discovered. Spores and 
spore-cases of certain aquatic plants (Rhizocarps), probably related 
to very simple Ptendophytes, are very abundant in the black 

shales, especially 
those of Marcellus 
and Hamilton ages. 
According to Dawson 
they are “dispersed 
in countless milLons 
of tons through the 
Devonian shales/^ 
and by their decom- 
position much oil has 
been produced. 

Our knowledge of 
land plants prior to 
the Devonian is very 
scant as we have seen, 
but the records are 
sufficient to make it 
certain that the De- 
vonian lands were 
covered with a rich 
and diversified vege- 
tation, often even 
with luxuriant forests. 
Th'e forests were, 
however, far different 
m appearance from 
those of the present 
because the trees were 
all of very simple 

or low organization 
A restoration of a primitive treelike Seed-fern +vnp«? TTicrci ftp; onH 
(Eospermatoptens) from the Devonian strata of ^ f , 

New York. (Courtesy of the New York State represent two types 

Museum) of these very primi- 

tive trees. Thus they 

were largely represented by all the main subdivisions of the non- 
fllowenng Ptendophytes such as Lycopods, EqutsetcBy Ferns, and 
SeedrfemSy and some simple types of the lower order of flowering 
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plants (i.e. Gymnosperms) were also present. Since these impor- 
tant and remarkable land plants reached their chmax of develop- 
ment in the Pennsylvanian (great coal period), it will serve our 
purpose best to discuss these plants in connection with the flora 
of the Pennsylvanian. 

Invertebrates. — Unless otherwise stated, the Invertebrate 



Fig 87 

A Devonian Asterozoan, Paleaster eucha’ns, on a Pelecypod shell. 
(After Clarke, N. Y State Mus Bui 158) 


animals were in general much like those of the Silurian. There 
were of course many changes in species, and even in genera, but 
in our elementary discussion, with emphasis only upon larger 
evolutionary features, it is our purpose to point out only a few 
of the more interesting changes among Devonian Invertebrates. 

Sponges have been found in a remarkable state of preservation 
in the Devonian of New York. Certain of these, known as glass 
Sponges,^' had sihceous skeletal frameworks of beautifully intri- 
cate designs (Fig. 92). 




Fig 88 


Devonian Brachiopods a, Spinfer disjunctus, b, Spinfer mter- 
medius; c, Stropkeodonia d&mssa, d, Productus Hallanus (All 
from Md (jeol Survey, Devonian”) 


From near Louisville, Kentucky, alone more than 200 species 
are known, and these are only a fraction of all described Devo- 
man species. They were almost all of the cup and honeycomb 
types, the Chain Corals having become rare and extinct in the 
early Devonian. The solitary Cup Corals probably reached 
their culmination in size, some of them being 12 to 18 inches long 

and several inches 
in diameter. 

Among the 
Echinoderms the 
Cystoids became ex- 
tinct during the 
Devoman. 
Bryozoans were 
present, but not 
conspicuous as reef 
builders. 

Brachiopods 
reached their cul- 



a h 

Fig. 89 


Devoman Pelecypods: a, Achrioptenate textihs, 6, 
Grammysm arcmta (From Md. Geol Survey, 
“Devonian ”) 
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mination as regards numbers of species and abundance (Fig. 88). 
Here, as in the three precedmg periods, Brachiopods were the 
most numerous fossils, and most of them still had straight 
hinge lines. Many 
Spinfers, particularly 
the wide “butterfly” 
genera (Fig. 88a) , were 
common and charac- 
teristic. The genus 
Pentamerus was also 
represented by many 
forms. 

Among the cham- 
bered CephalopodSy a 
significant change 
took place with the 
introduction of the 
Ammono%ds (e.g. Go- 
nmtitej Fig. 91) in which the septa or partition junctions were 
angular or irregular instead of simple or straight as m all previous 
forms (Nautiloids). As we shall see, this irregularity of partition 
structure gradually evolved into more and 
more complex forms, reachmg a maximum 
in the Mesozoic era. (See table on page 
114 ) Most of the common Nautiloid types 
still persisted, though the simpler forms 
(straight and shghtly curved) were notably 
diminished in prominence. 

Tnlobites showed a marked declme in 
numbers and species, though they were not 
uncommon, and were stiU often fantasti- 
cally decorated. 

Arachnids were represented by Spiders, 
Scorpions, and Euryptends, and the Myrior 
pods made their ‘first known appearance. 
Euryptends probably culminated in the 
preceding period, but they were still prominent and notable for 
great size, one type having attained a length of eight feet. It is 
significant that the Scorpions, Spiders, and Myriapods were all 
air-breathers. 



Fig 91 

A Devonian Goni- 
atite, Manticoceras 
patersoni (After 
HaU) 



a h c 


Fig 90 

Devonian Gastropods a, Platyceras gebhardiy 
b, Pleuromana capillana, c, Loxonema hamtU 
tomcB (From Md. Geol Survey, ‘‘Devonian ”) 
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Simplest Vertebrates. — Perhaps the most interesting and im- 
portant feature of Devonian life was the profusion and develop- 
ment of the simple Ver- 
tebrates, particularly the 
Fishes, These simple or 
primitive Vertebrates are 
of unusual sigmficance be- 
cause they were the pro- 
gemtors of the great groups 
of higher Vertebrates, 
which gradually became 
more complex and diversi- 
fied, and finally culminated 
in Man himself. Nearly 
all known Devoman Verte- 
brates were aquatic. 

Paleospondylus. —This 
remarkable creature was 
an exceedingly simple and 
primitive type of Verte- 
brate. Its appearance is 
well shown in Fig. 94. The animal, one or two inches long, 
possessed a distinct, slender, segmented, cartilaginous vertebral 
column supplied at one end with a rather symmetrical tail fin 




Fig. 93 

Devonian Trilobites: a, Phacops logani 
(Hall); b, Homalonotus noticus (Clarke). 



A very simple Devonian Vertebrate, Paleospondyhis gunni (After 
Dean, restored by Traquair, from Chamberlm and Salis- 
bury's '^Geology,” courtesy of Henry Holt and Company) 


structure, and at the other with a head. The head had a circular 
mouth but no jaws. Its lack of jaws and paired fins cause it to 
rank below the true Fishes, and it is probably to be classed with 
the Lamprey Eels. 
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Ostracoderms. — These curious and bizarre forms also rep- 
resent a very simple class of the Vertebrates. For a long time 
hey were classed as simple Fishes, but recent study has led some to 
}eheve that they are really transition forms between the highest in- 
vertebrates (Ar- 
thropods) and 
the Fishes which 
rank very low 
among the Ver- 
tebrates. 

A character- 
istic feature is 

the cover or 

armor of bonv 



plates developed 
m the skin over 
the head and 
fore part of the 
body, hence the 
name, which ht- 
erally means 
^^shell-skm.’^The 


!> 

Fig 95 

Devonian Ostracoderms a, Pterichthys testudinanus, 
restored (Dean after Woodward), h, Trernataspis, 
restored (after Patten) 


rear part of the 
body was gener- 
ally covered with 
scales. Some had 
vertebrated tail 
fins and were fish- 


like m appearance (Fig. 95a). They were rarely if ever more than 
3 or 8 inches long. Some had a pair of jointed flappers or swim- 
ming paddles extending out from the fore part of the body, but 
aone had true paired fins Kke the Fishes. The vertebral column 
fs^asof cartilage (gristle). The eyes were close together near the 
bop of the head. They did not possess true jaws in the Vertebrate 
sense of that term, but rather the simple jaw-like portions moved 
Dver each other laterally as in many Arthropods (e g. Beetles). 

Ostracoderms reached the zenith of their development in the 
Devonian, and, so far as known, they became extinct during the 
same period. 


Fishes. — Because of the profusion of Fishes, the Devonian is 
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often called the Age of Fishes.’’ Their abundance, together with 
their importance as bearing upon the evolution of the Verte- 



A Paleozoic (early Mississippian) Selachian or Shark, Cladoselache 
fylen (Restored by Dean ) 



brates, requires that considerable attention be devoted to the Fishes 
here. In all of our discussion of the geological history of Fishes, 
the following im- 
portant groups 
only will be 
recognized: (1) 

SelacMans (“Car- 
tilage”- fishes), 
now uncommon, 
but e.g. Sharks, 

(2) Di'pnoans 
(“lung ’’-fishes), 
now rare, but e.g. 

Ceratodus of 
Australian riv- 
ers; (3) Arthro- 
dirans (e.g. Fig. 

97b), now wholly 
extinct; (4) Gan- 
o%ds (“ lustre 
fishes), now un- 
common, but 
e.g. Gar-pike and 
Sturgeon; and (5) 

Teleosts (“per- 
fect bone ’’-fishes), now the most abundant of aU Fishes, e.g. 
Trout, Salmon, Cod. 

Selachians are the simplest of all true Fishes, and they comprise 



Fig 97 

Devonian Fishes: a, Dipnoan, Dipterus valenaiennesi 
(restored by Traquair) ; 6, Arthrodiran, Coccosteus 
deci'piens (restored by Woodward); c, Ganoid, 
Osteolepis (restored by Nicholson) 
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the oldest group of living Fishes, dating back at least to the 
Silurian. Their skeletons are wholly cartilaginous, the only hard 
parts being the teeth and fin spines which are commonly preserved 
as fossils. The arrangement of separate gill shts in the throat 
wall is a more eel-like than fish-like feature. Simple, paired fins 
are present, but scales or plates are absent. They were common in 
the Devoman seas, and also probably in lakes and lagoons. Fig. 
96 exhibits a typical Paleozoic species which is very similar to 
living forms. 

Dipnoans are remarkable in being able to breathe both in 
water and air, since they have both gills and lung, the air-bladder 
being more or less used as a lung. They were abundant during 
Devonian time. Fig. 97a shows a common Devoman species which 
is remarkably similar to the modem Ceratodus. Note the paddle- 
shaped paired fins, almost hke legs, and the covering of scales. 
Their skeletons were cartilaginous. Their hmb-like fins and pe- 
cuhar lung-like air sacs were more amphibian-hke than fish-hke 
characters and they strongly suggest that the Dipnoans may have 
been the progenitors of the Amphibians. 

Arthrodirans comprise a remarkable group of Fishes now wholly 
extinct, but they were common m Devoman time Fig. 97b 
shows an example of a well-known genus (Coccosteus) from the 
Old Red Sandstone. Note the bony armor covering the fore part 
of the body, thus suggesting the Ostracoderms, though the paired 
fins and tme jaws supphed with teeth place them with the Fishes. 
The backbone was of unsegmented cartilage. Other forms closely 
related to Coccosteus were remarkable for size, some having 
attained lengths up to 20 or 25 feet. Arthrodirans were probably 
the most formidable denizens of the Devonian seas 

Ganoids were the most highly or- 
ganized and abundant Fishes of the 
time. These were characterized by a 
covering of small lustrous plates or 
bony scales, usually rhomboid and set 
together hke tile, rather than by over- 
^ ^ , lapping as m t3rpical modern Fishes. 

Th,Bkelelo»^r.ofcarta.«e,tho»#> 
m later penods they were more or less 
ossified as in the few modem representatives. Their internal tooth 
stmeture was often labyrinthine (Fig. 98) or much like that of 



Kg. 98 
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Amphibians of later Paleozoic periods. A typical Devonian Ganoid 
is ^own in Fig 97c. The so-called fringe-finned Ganoids were 
externally rather similar to the Dipnoans, especially as regards the 
paired, lobate, hmb-like fins. Their intricate (labyrinthine) tooth 
structure, character of the skull bones, and limb-like fins, sug- 
gest strong affimties with the Amphibians of the later Paleozoic. 

TeleostSj which are the most common and typical modem 
Fishes, were entirely absent 
from the Devoman. In these 
the skeletons are completely 
ossified and the body is nearly 
always covered with overlap- 
ping scales. In marked con- 
trast with the Devonian Fishes, 

Teleosts always have non-ver- 
tebrated tail fins. 

General Observations on De- 
voman Fishes, — (1) All were 
of simple types. The most 
typical and highly organized 
Fishes so common today, did 
not exist in the Devonian, 
and even the Ganoids were of 
primitive types. 

(2) All had cartilaginous 
skeletons The vertebral col- 
umn and other portions of the 
skeleton were not ossified (i e. 



Fig 99 


changed to bone). Types of Fish tails: a, vertehrated 

(3) All had vertebrated tail symmetric; &, vertehrated non- 

fins. The vertebral column ex- symmetn^ c non-vertebrat^ sj®- 
, 1 1 XT 1 M o 1 metric (Redrawn after Le Conte.) 

tended through the tail fin and 

gave off fin rays to support a lobe above and below. Sometimes 
this tail fin was symmetnc and sometimes asymmetric. The asym- 
metric form is regarded as the more primitive. Most modem 
Fishes (Teleosts) have non-vertebrated tail fins, the fin rays being 
sent out from a plate at the end of the vertebral column. 

(4) They were generalized types. “Along with their dis- 
tinctive fish-characters, they combined others which connect 
them with higher Vertebrates, especially Amphibians, and stiU 
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others which are found in the embryos of Teleosts. The most 
important connecting characters . are. (a) An external pro- 
tective armor of thick bony plates or scales such as were 
possessed by early Amphibians, and by many Reptiles of the 
present time, (6) Large comcal teeth channelled at the base, and of 
labyrmthine structure on section. This structure was very marked 
in early Amphibians, (c) A cellular air-bladder . . . capable of 
bemg used to some extent as a lung; id) In many cases paired fins 
which had something hke jointed legs runmng through them; 
(c) The tail fin vertebrated as in Reptiles.^’ ^ The most prominent 
embryonic characters were the cartilaginous skeleton found only in 
the embryonic stage of the typical modern Fishes (Teleosts), and 
the vertebrated character of the tail fin, the tail of the modern 
Teleost successively passing from the asymmetric vertebrated 
stage, to symmetric vertebrated, and finally to symmetric non- 
vertebrated (Fig. 99). 

Generalized or synthetic types, so well illustrated by Devonian 
Fishes, are of great importance in considering the evolution and 
geological history of organisms 

Amphibians. — Footpnnts, considered to be those of Amphib- 
ians, have been found in the Upper Devoman strata of Pennsyl- 
vania, but remains or impressions of the animals are not known. 
At any rate it seems certain that terrestrial Vertebrates existed as 
early as the Devoman, and thus a new, important advance in the 
evolution of life had taken place. 

^ J. Le Conte. Elements of Geology, p 356. 



CHAPTER X 

THE MISSISSIPPIAN (LOWER CARBONIFEROUS) PERIOD 
Origin of Name, Subdivisions, Etc. 

Formerly the Carboniferous period included all of what, in 
America at least, we now call the Mississippian, Pennsylvanian, 
and Permian periods.^ In Europe the term Carboniferous is still 
employed, though the Permian has been separated from it. The 
name Carboniferous’' was given about one hundred years ago 
because it was supposed that workable coal beds were almost, if 
not whoUy, confined to that system. Although workable coal beds 
are known to occur in most later systems, nevertheless what was 
long known as Carboniferous, particularly that portion now called 
Pennsylvanian, does contain the world’s greatest coal deposits. 
The name Mississippian ” was given because of important out- 
crops of its formations in the eastern Mississippi Basin, especially 
along the river. 

Some idea of the system in three well-known regions may be 
gained from the following table: 



Mississippi River States 

Pennsylvania 

Idaho 
and Utah 

Upper 

4 Chester or Kaskaskia 
series (Limestones, 

2 Mauch Chunk 

2 Brazer 

Mississippian 

sandstones and sh^es). 

(Shales) . 

(Limestone). 

Lower 

3. St Louis or Iowan series 
(Limestones). 

2. Osage or Augusta series 

1. Pocono 


Mississippdln 

(Limestones and shales) 

1. Kmderhook or Chattanooga 
series (Limestones, shales, 
and sandstones) 

(Sandstone) 

1. Madison 
(Limestone). 


1 In its geologic fohos the U S. G S. still uses the term Carboniferous. 
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It will be seen that, m the Appalachian region, the rocks are 
almost wholly clastic, while hmestones are prominent in the Missis- 
sippi River region. Also the system in the east has not been so 
much subdivided, and detailed correlations with the subdivisions 
farther west have not been made. Regarding the detailed classifi- 
cation of subdivisions in America, much difference of opinion still 
exists, and more or less local names are used in different regions. 

Distribution and Character of the Rocks 

General Distribution. — The accompanying map (Fig. 100) 
shows the surface distribution of the Mississippian and Pennsyl- 
vaman rocks together. In the western part of the continent these 
two systems usually have not been satisfactorily separated, hence it 
is impossible to debmit them separately upon the map Also it 
must be borne in mind that the large areas in British Columbia 
and Alaska contain considerable amounts of other Paleozoic rock 
as well as early Mesozoic rock, though the Mississippian and Penn- 
sylvanian are abundantly represented. In the eastern part of the 
continent, the two systems have been clearly separated, and map 
Fig 101 shows the surface distribution of Mississippian strata 
there. A comparison with the Devonian surface distribution map 
(Fig. 80) shows that the Mississippian has a very similar distribu- 
tion m eastern North America, and that the Mississippian generally 
borders the Devonian areas This is because Devonian conditions 
gave way to Mississippian with no great interruption of deposition. 
A distribution feature of special importance as compared with the 
Ordovician and Silurian, and to some extent with the Devonian, 
is the complete absence of Mississippian strata from all of northern 
North America east of the Rocky Mountains except around the 
mouth of the St Lawrence River. 

In the Appalachians, Rockies, and mountains still farther west, 
the outcropping strata form long and short, narrow belts because 
the rocks have been highly folded and only the eroded edges of 
upturned strata are visible (Fig. 132). The eastern Mississippi 
Basin shows a different type of distribution because the rocks are 
there in nearly horizontal position and outcrop where the later 
(overlying) Paleozoic strata have been removed from them by 
erosion, or where later sediments were never deposited upon them. 
The character of the rocks and distribution of outcrops, supple- 



THE MISSISSIPPIAN PERIOD 


161 


mented by many deep well sections, proves that Mississippian 
strata underlie nearly the whole Mississippi Basin except the Gulf 
border, and Wisconsin and Minnesota. 



Fig 100 

Map showing the surface distribution (areas of outcrops) of Mississippian 
and Pennsylvanian strata in North America The areas in British Columbia 
include some other Paleozoic rocks as well as some early Mesozoic rocks 
(By W. J M , data from Wilhs, XJ. S Geological Survey ) 

Lower Mississippian Rocks in the East. — The Pocono sand- 
stone, also including some conglomerate, shale, and thin beds of 
coal, extends from northern Pennsylvania to Virginia in the Appa- 
lachian district. Its thickness varies from about 2000 feet in Penn- 
sylvania to about 100 feet in the south. As judged by numerous 
terrestrial fossils, the Pocono appears not to be a typical marine 
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deposit. Just west of the Appalachians considerable shale is 
associated with the sandstone of this same age, while in the 
Mississippi River states the Lower Mississippian is represented by 
the Kinderhooh and Osage senes, which contain much hmestone. 
The Kinderhook consists of sandstone, shale, and hmestone, but 



Fig 101 

Map showing the surface distribution (areas of out- 
crops) of Mississippian strata in eastern North 
America. (Modified by W. J M. after WiUis, U. S. 

Geological Survey ) 

varies greatly in lithologic character from place to place. The 
Osage series directly overhes the Kinderhook, and is dominantly 
limestone, though with some shale. Both Kinderhook and Osage 
are chiefly true marine deposits. Lower Mississippian strata in 
southern Michigan are mostly sandstones and shales (often red), 
with some interbedded salt and evnsum denosits. 
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Upper Mississippian Rocks in the East. — In the northern 
Appalachian district, the Mauch Chunk formation, consisting 
mostly of red sandy shales, directly overlies the Pocono, while in 
Maryland and West Virginia the lower portion of the Mauch 
Chunk gives way to the Greenbrier limestone. The Mauch Chunk 
shows a maximum thickness of 3000 feet in eastern Pennsylvania, 
but this dimimshes notably to the north, west, and south. It is 
considered to be either a great flood-plain or a delta deposit. 
Farther west, in the Mississippi River states, the Upper Mississip- 
pian is represented by the St Louis and Chester series. The 
former is made up almost wholly of hmestone of very widespread 
extent, while the latter is rather variable hthologically, and is 
more restricted in distribution. 

The Mississippian of Nova Scotia and New Brunswick has not 
been so carefully subdivided, but it is largely sandstone below and 
hmestone, with some red beds and gypsum, above. Its thickness 
reaches a maximum of about 5000 feet. 

Mississippian of the West. — This system is very widely dis- 
tributed in the west as proved by the numerous exposures, but 
it has not been carefully studied and subdivided as in the east. 
Throughout the system, which is commonly several thousand feet 
thick, limestone greatly predominates. A very widespread for- 
mation in the Rocky Mountains is the Madison limestone which 
reaches a thickness of 1600 feet. 

Thickness of the Mississippian. — The Mississippian system 
in eastern North America ranges in thickness from about 5000 
feet in eastern Pennsylvania to only some hundreds of feet in the 
western part of the same state. In the Mississippi River states the 
maximum thickness is 1500 feet, though it is generally less than 
1000 feet. In the western part of the continent thicknesses of 
several thousand feet (maximum over 4000 feet) have been 
observed at several places, while in other localities, as in the Black 
HiUs and parts of Colorado, it measures only a few hundred feet 
thick. Eighteen hundred feet are known in the Grand Canyon of 
the Colorado River. In Nova Scotia and New Brunswick the 
thickness of the Mississippian strata reaches fully 5000 feet. 

Igneous Rocks. — There is but httle evidence of Mississippian 
igneous activity in North America. Sheets of igneous rocks are 
associated with Mississippian strata in Nova Scotia and New 
Brunswick. 
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Physical History 

Earlier (Lower) Mississippian. — The continent was all, or 
nearly all, land at the opening of the Mississippian period. Dis- 
regarding certain minor shiftmgs of the sea, the great event of 
Early (Lower) Mississippian time was an increasing expansion of 
the sea over the land until late Lower Mississippian (Osage) 
time when about one-third of the continent was submerged. 



Paleogeographic map of North America during late 
Lower Mississippian time White areas, land, ruled 
areas, sea (Principal data, modified by the author, 
from maps by B. WiUis and C. Schuchert ) 

Fig. 102 shows the general relations of land and water of that time. 
Much of the area of the Umted States was covered by an unbroken 
expanse of shallow-sea water with wide connections with the 
Pacific and Arctic Oceans and the Gulf of Mexico. Canadia was 
very large and connected with Appalachia across New England. 
Cascadia and Mexicoia were well-defined as such. 

During Lower Mississippian time coarse clastic sediment (Po- 
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cono sandstone) was deposited along the western shore of Appa- 
lachia; red beds, with mterbedded salt and gypsum, formed m 
lagoons bordering southern Canadia; at first muds (Chattanooga), 
and then highly fossiliferous hmestone (Kinderhook and Osage), 
accumulated m the great sea of the Mississippi VaUey area; while 
the widespread, thick Madison hmestone accumulated in the 
Rocky Mountain region 

In the midst of the penod, that is between Lower and Upper 
Mississippian times, there was a very considerable withdrawal 
of the sea, moderate in the east, but almost complete in the 
Rocky Mountain region. 

Later (Upper) Mississippian. — During Upper Mississippian 
time there was a tendency for the waters again to spread over the 
late Lower Mississippian areas, but not so extensively. Thus the 
middle and middle-northern parts of the United States were not 
submerged, and the sea was more restricted over the site of the 
Rocky Mountains, extending over the northern portion of the lat- 
ter region only in the Late Mississippian if at all. 

In the east, during later Mississippian time, vast quantities of 
clastic sediments continued to deposit as muds (now Mauch Chunk 
shales) above the Pocono sands along the western shore of Appa- 
lachia. Locally conditions were right for coal formation as proved by 
some coal beds in the Mauch Chunk. The interior sea, however, 
had clearer waters in which limestone deposition greatly prevailed. 
This clear sea extended westward across the Umted States to the 
Pacific Ocean. More red beds with associated salt and gypsum 
continued to form in southern Michigan lagoons. Also red beds 
and gypsum were formed in Nova Scotia. 

Close of the Mississippian (Ouachita Revolution). — The com- 
plete emergence of the continent at the close of the Mississippian 
was brought about largely without folding or tilting of the strata. 
In certain regions, however, there were actual mountain-making 
movements, though not on a large scale. Thus, a nearly east-west 
zone through Arkansas and Oklahoma, where a thick body of strata 
had accumulated during five periods of the Paleozoic, was sub- 
jected to pressure, considerably folded, and uplifted mto moun- 
tains. This involved the Ouachita and Wichita Mountains of 
Arkansas and Oklahoma, and hence has been called the Ouachita 
Revolution. 

Mississippian and older rocks in parts of Nova Scotia and 
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New Brunswick were also notably folded and elevated as proved 
by the fact that Pennsylvanian strata there rest upon upturned, 
eroded edges of Mississippian and older rocks. The newly ex- 
posed lands of the continent were notably eroded, and the Missis- 
sippian and Pennsylvanian systems are separated by one of the 
most extensive and distinct unconformities in the whole Paleozoic 
group of rocks For this reason the Mississippian and Pennsyl- 
vaman should be regarded as separate systems rather than as 
merely subdivisions of the old Carbomferous. 

Comparisons with Preceding Systems. — The comparison of the 
Ordovician, Silurian, and Devoman systems given in the preceding 



Generalized section in Iowa, showing how the Pennsylvaniaffi system (C) rests 
imconformably upon the Mississippian (M). (iiter Keyes, from Cham- 
berlm and Salisbury’s Geology/' courtesy of Henry Holt and Company ) 


chapter (page 139) to show a certain rhythmic recurrence of events 
might also fairly include the Mississippian, because this period, 
like the others, began with a sea transgression which reached a 
maximum (accompanied by much limestone making) about the 
middle of the period, followed by widespread withdrawal and shoal- 
ing of the sea, and deposition of clastic sediments toward the close 
of the period. 

Foreign (Lower Carboniferous) Mississippian ^ 

Europe. — As in North America, there was considerable 
encroachment of the sea so that much of the non-marine Old Red 
Sandstone became covered with true marine sediments. Map 

^ It should be remembered that the term “Mississippian" is not used 
in Europe. 
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Fig. 104 gives a general idea of the relations of land and water 
in Europe in Mississippian time. In western Europe limestone 
predommates. Marme waters, mostly free from land-derived 
sediments, extended from the western British Isles to central 
Germany. In these waters there hved vast numbers of organisms 
such as Cnnoids, Corals, etc., the remains of which accumulated 
to build a great mass of hmestone said to attain a thickness of 



Sketch map showing the general areas of submergence in Europe durmg 
Mississippian (Lower Carboniferous) time White areas, land; ruled areas, 
sea. (Modified by the author after De Lapparent ) 


6000 feet in England, and over 2000 feet in Belgium. Farther 
eastward, in central Europe, shales and sandstones were laid down. 
In Scotland and southern England also shallow water deposits 
were formed. Throughout much of central, southern, and eastern 
Russia, chiefly non-marine materials were deposited as proved by 
the many coal beds and associated deposits. The rocks of Missis- 
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sippian age in southern Europe are much hke those of central 
Europe, and also the similarity of fossils shows that northern and 
southern Europe were not separate provinces as during most of 
earlier Paleozoic time. 

Rather widespread crustal disturbances marked the close of 
the period in western Europe. As a result of the upturmng and 
folding of the rocks, great mountains were formed principally as 
two chains — one extending from Ireland to central Germany, and 
the other from Bohemia to southern France. The structure of the 
remnants of these mountains, as seen in the Vosges, Harz, Black 
Forest, and Cornwall hiUs or low mountains, implies deformation 
intense enough to have produced high altitudes. Accompanying 
this deformation there were abundant intrusions and extrusions of 
igneous rocks. In many other parts of Europe there were relative 
changes of level between land and sea without very appreciable 
foldmg or tilting of the strata. Thus, the reason for separating the 
old Carboniferous into two systems applies with great force to 
Europe as well as to North America. 

Other Countries. — In South America Mississippian rocks are 
known in Argentina where they contain some coal, in Chile, and 
in other parts of the continent where they have not been 
carefuUy separated from the Pennsylvanian , (Upper Carbonif- 
erous). 

Eastern Australia, New Zealand, and Tasmania contain marine 
strata of Mississippian age which were generally highly deformed 
toward the close of the period, and injected with igneous rocks. 
Salt and gypsum occur in the system in western Australia. 

In northern Africa the system is extensively represented, espe- 
cially by limestone. Non-marine formations occur in southern 
Africa. 

Rocks of Mississippian age are also known to be widely devel- 
oped in Asia. 

Climate 

As for the earlier Paleozoic periods, the character and distri- 
bution of Mississippian fossils rather clearly prove absence of 
chmatic zones like those of today. A mild, uniform climate ap- 
pears to have prevailed. Salt and gypsum beds more or less 
associated with red beds point to and climate in Michigan, 
Montana, Nova Scotia, and Australia, but these were probably 
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local conditions. Evidence of glaciation toward the close of the 
penod has been reported from Oklahoma. 

Economic Products 

Much oil is obtained from Mississippian sandstones in western 
Pennsylvania, West Virginia, Illinois, and Oklahoma. 

Some gas is obtained from the Chester sandstone of Illinois, 
and some coal from the Pocono sandstone of West Virginia 

Bmlding stones of Mississippian age are considerably quarried, 
especially the oohtic Bedford hmestone of Indiana, wl^ch is per- 
haps the most widely used limestone for building stone in the 
United States. 

Vast quantities of salt are produced by pumping out and evap- 
orating the natural bnnes from the Mississippian sandstones of 
Michigan, and smaller quantities from the sandstones, or hme- 
stones of Ohio, West Virginia, and Virginia. 

Certain important zinc ore deposits occur in the Lower Missis- 
sippian limestones of Missouri and Kansas though the deposition 
of the ore was post-Mississippian. 

Life of the Mississippian 

Plants. — In general the flora of the Mississippian may be 
said to have been very much like that of the Devonian, though 
the former showed greater diversity and various minor changes. 
The records of land plants are perhaps not as full as those of 
the precedmg period. Fossil plants are most numerous m early 
Mississippian rocks. 

The simplest plants, such as Thallophytes and Bryophytes(f)j 
were present but their fossil forms are not known to be common. 

The flora of the period consists almost entirely of the high- 
est Cryptogams (i.e. Ptendophytes) and the simpler Phanerogams 
(i e. Gymnosperms), As in the Devonian, all the principal groups 
of the Pteridophytes — Lycopods, Equisetce and Ferns — as well 
as the still higher Seed-ferns and simpler t3q)es of Gymnosperms 
were represented. All of these plant types are of imusual interest 
and importance but, because of their vastly greater abundance 
and better state of preservation in the Pennsylvanian rocks, it 
will be best to postpone their somewhat detailed discussion to the 
next chapter. 
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Invertebrates. — Unless otherwise stated the Mississippian 
Invertebrates were in general much hke those of the Devonian 
or Silurian. 

Foramimfers were exceedingly abundant, especially in the 
Middle Mississippian (St. Louis) sea. The famous Bedford lime- 
stone of Indiana, for example, is very largely made up of the tiny 
calcareous shells of these Protozoans. Radiolanan (sihceous) 



'Fig. 105 

Mississippian Cup-corals, LvthostroUon cxmidmse, forming a compact mass or 
colony (After Ulrich, U. S Geological Survey, Folio 96 ) 


shells are very abundant in some formations where they make 
up layers of chert. 

Oraptohtes were very rare and became extinct. Corals showed 
a notable dechne as compared with their remarkable development 
in the Devoman, though Cup-corals especially were locally numer- 
ous m the Mississippian seas (Fig. 105). 

Blastoidsj which, during several preceding periods, assumed 
a minor r61e, showed a wonderful development in the Mississippian 
when they appear to have reached their culmination both as regards 
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Fig. 106 

A Mississip- 
pian Blas- 
toid head, 
P entre- 
mites elon^ 
gatus (Af- 
ter Shu- 
mard) 


numbers of individuals and diversity of forms. (Fig. 106 shows 
one of the most common types, known as Pentrenoites, which 
largely constitutes beds of hmestone in some places. At certain 
localities even the most dehcate of the hard parts of 
the organisms are nearly perfectly preserved. It is 
a remarkable fact that this class of animals, which 
attained such prominence dunng^ this period, also 
became nearly extinct by the close of the same 
period. 

Crinoids also culminated during this period. 

Hundreds of species are known, and some localities 
such as Cra'vrfordsville, Indiana, and Burlington, 

Iowa, are well known for the remarkable preserva- 
tion of vast numbers of these beautiful forms (fossil 
sea-lilies “The Crinoid remains occur in such 
multitudes that in many places the limestones are 
principally composed of them; m such places they 
must have covered the sea-bottom hke immature 
forests” (W. B. Scott). It is noteworthy that aU 
of this wealth of forms belonged to a single subclass 
or order of Crinoids (Fig. 107), not one of which is 
known to have lived on into the Mesozoic. “ The rapid decline 
(of Crinoids) after this epoch (Osage) is one of the most remark- 
able incidents in the life-history of the 
invertebrates. . . . The ornamentation of 
the Crinoids at this time was notable, and 
as in the case of the Trilobites, preceded 
the decline of the group. The repetition 
of this singular phenomenon at different 
times, and in quite different groups of 
orgam*sms, is worthy of notice, though its 
meamng is not altogether clear.” ^ 

Bryozoansj in marked contrast with 
the Devonian, were very abundant, and 
in some cases the calcareous skeletons 
of the colonies contributed much material 
to the building of limestone. For the 
first time the delicate moss-like colony supports were partly 
replaced by thicker and heavier supports, a good example being 
1 Chamberlin and Salisbury: College Geology^ pp. 607-609. 




„ V i -'it' • *i' 

I- 1 It V i 

? -p.: I 

- 


Fig 107 

A Mississippian Crmoid 
head, Forhesiocrinus 
wortheni (After HaU.) 
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called Archimedes because of some resemblance to the familiar 
screw of the same name. 

Brachiopods in general dimimshed notably, though they were 
by no means uncommon. Certam important earlier Paleozoic 
genera (e.g. Pentamerus) were entirely gone. The important 
genus Spirifer greatly diminished in numbers and size of indi- 



Kg. 108 


Mississippian Cnnoids, Graphiocrirms longicimfer and Rhodocnnm Kirhyi, 
on a slab of Limestone Considerably reduced From Kinderhook forma- 
tion, Le Grand, Iowa (Courtesy of the University of Chicago ) 

viduals. Perhaps the most important Mississippian genus was 
Productus with many species and some of the largest known 
individual Brachiopods. Straight-hinge hne types still prevailed. 

A very fine illustration of the production of a dwarfed fauna due 
to unfavorable environmental influences is afforded by the diminu- 
tive Brachiopods and associated shells of the Bedford limestone 
of Indiana. Since the species of these dwarfed forms are the same 
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as those which grew to normal size elsewhere, it is evident that they 
must have hved m an unfavorable environment. 

Pelecypods were more common than ever before, and for the 
first time they appear to have been more numerous than the 
Brachiopods. 

Cephalopods were much like those of the Devonian. All 
common groups of NauUloids persisted but with the simpler forms 
still more diminished. The coiled forms, however, probably 
reached their climax of development both as regards numbers and 
diversity of forms. The Ammonoids were stiU represented by the 
Gomaiites, though the sutures were appreciably more complex 
in accordance with the evolutionary prmciple already given in 
connection with this group. 

Among Crustaceans, the Trtlohtes, which were approaching 
the period of their extinction, were few in number, comparatively 
small, and usually not highly decorated. 

Among Arachmds, the remarkable group of Eurypterids had 
notably fallen off both in numbers and size as compared with 
the Devonian. 

Vertebrates. — Fishes, — The Selachians (Sharks), as compared 
with the Devoman, showed an extraordinary development in num- 
bers and species. They were doubtless the most prominent of all 
Fishes of the time, many hundreds of species being known. Teeth 
and spines are the most numerous fossils. In sharp contrast with 
most modem forms, many species had the mouths lined or paved 
with rough plate-hke teeth probably suitable for grinding such 
shelled animals as Brachiopods, Pelecypods, etc. The spmes 
were doubtless provided for defence agamst more predaceous 
Fishes. Dipnoans and Arthrodirans still continued though notably 
dimimshed. Ganoids were still prominent, probably having been 
more abundant than in the Devonian, with many new genera 
and species. 

Amphibians, — As we have learned, there is good reason to 
think that Amphibians hved in Devonian time, though actual 
remains are not known. In the Mississippian rocks of Scotland 
good specimens of Amphibians have been foimd. Many footprmts 
of Amphibians have been found in Upper Mississippian strata of 
Pennsylvania. These all belong to the long extinct and remarkable 
group of Stegocephalians which will be described in the next chapter 
because of their much more satisfactory preservation m the Penn- 
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sylvanian rocks. As already suggested in our discussion of De- 
vonian Fishes, it is weU-nigh certain that the earhest Amphibians 
were derived from a special kind of Fishes (Dipnoans). In fact 
the larval forms of Amphibians are true water animals breath- 
ing through gills and swimming like Fishes. 



CHAPTER XI 


THE PENNSYLVANIAN (UPPER CARBONIFEROUS) PERIOD 
Origin of Name, Subdivisions, Etc. 

As stated in the preceding chapter, the Pennsylvanian system 
represents a part of what was formerly known as the Carboniferous 
system in America. In other continents, strata equivalent to the 
Pennsylvanian are usually called Upper Carboniferous Rocks of 
Pennsylvanian age include the Coal Measures proper of the old 
Carboniferous, and they contain a far greater supply of workable 
coal than the rocks of any other system. The name has been given 
because of the typical development of the system with its coal in 
Pennsylvania. Subdivisions in widely separated areas are shown 
m the following table • 



Eastern XJmted States 

Central Texas 

S, E Idaho 


4 Monongahela senes 

5 Cisco 



(Various strata 

(Shale and sandstone) . 



with much coal) . 

4 Canyon 


I 

3. Conemaugh senes 

(Limestone, sandstone, 


•< s 

(V arious strata 

and coal) 



with httle coal) | 

3 Strawn 

Wells 


2. Allegheny series 

(Sandstone, shale, and 

(Limestone). 


(Various strata 

coal). 


1 

with much coal) 

2. Southwick 


Ph 

1. Pottsville series 

(Shale and sandstone). 



(Various strata 

1. Marble Falls 



with some coal). 

(Limestone). 



Distribution and Character of the Rocks 

General Distribution. — Only in the eastern part of the con- 
tinent have the Mississippian and Pennsylvanian rocks been 
satisfactorily separated. The accompanying map (Fig, 109) 
shows the surface distribution of the Pennsylvanian in eastern 
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North America Two points of difference as compared with the 
older systems m this portion of the contment are worthy of mention 
as follows: (1) The Pennsylvanian rocks occupy distinctly larger 
(surface) areas of the Mississippi Valley- Appalachian region than 
the rocks of any older Paleozoic system, and (2) ^^the common- 



Fig 109 

Map showing the surface distribution (areas of outcrops) 
of Pennsylvanian rocks m eastern North America, 

These are also essentially the great areas of Penn- 
sylvaman coal (By W J M , data after Wilhs, U. S. 

Geological Survey ) 

est position for the outcrops of the precedmg Paleozoic systems 
severally is around the outcrops of the older systems. But the 
outcrops of the Pennsylvanian exhibit no tendency to a similar con- 
centric distribution Rather do they seem to cover areas between 
the outcrops of the older systems” (Chamberlm and Salisbury). 
The reason for such differences is not far to seek. For mstance 
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Ordovician rocks are actually 
more widespread than the 
Pennsylvaman, but they are 
largely concealed under later 
rocks, while the Pennsylva- 
man rocks were never ex- 
tensively covered by later 
deposits (except Glacial drift 
and to a small extent by 
Permian strata in the Ap- 
palachian district). Shortly 
after their deposition, toward 
the close of the Paleozoic, the 
region was elevated and has 
remained a land area ever 
smce. Post-Paleozoic erosion 
has been sufficient to remove 
much of the Permian and 
some of the Pennsylvanian, 
though large areas of the 
latter rocks still remain as 
shown on the accompanying 
map. 

Pennsylvanian rocks are 
extensively developed in 
western North America from 
northern Mexico to central 
Alaska, particularly in the 
western interior of the Umted 
States where they are much 
folded. 

In the Appalachians (Fig. 
110), Nova Scotia, and New 
Brunswick, and in the moun- 
tains of the west, the rocks 
are highly folded or tilted, 
but in the Mississippi Basin 
they have remained in almost 
horizontal position not far 
above their place of origin. 
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Pennsylvanian Rocks in the East. — Rocks comprising this 
system in the eastern part of North America are partly of marine 
and partly of non-marine origin with the latter (including coal) 
unusually prominently developed. 

The following extracts from a paper by D. White concisely 
describe the Pennsylvaman rocks of the Appalachian provmce 
(also see Fig. Ill) : The Pottsville, like the succeedmg formations, 
is composed of sandstones, shales, and clays (includmg fire clays, 
coals, and limestones), but it contains a larger proportion of sand- 
stones and arenaceous shales than the later formations . . . The 
Pottsville is thickest m the southern exposures, where, near the 
eastern outcrops, it probably exceeds 7500 feet. In the north- 
western bituminous area ... it measures locally less than 200 
feet. . . . The Pottsville contains all the workable coals south of 
the Kentucky-Tennessee state line. 

The Allegheny, next succeedmg the Pottsville, is a thin forma- 
tion characterized by a larger proportion of coal, shale, limestone, 
and iron ore. In the bituminous districts . . . the Allegheny 
ranges generally between 250 and 350 feet in thickness near 
the northern outcrop, though it thins southwestward to 160 feet 
in northeastern Kentucky. 

“ The Conemaugh, which succeeds the Allegheny, is generally 
marked at its base by sandstone or conglomerate. It is especially 
characterized by sandstones, shales, and hmestones, intermingled, 
particularly in the western area, with red and green shales, clays, 
and sandstones. It contains less coal than any of the other 
Pennsylvanian formations of the Appalachian trough.^ 

“The Monongahela is distinguished by its relatively large pro- 
portion of coal and hmestone, the latter composing over one- 
third in some districts. The formation . . . averages about 325 
feet or less in thickness. Its coals, including the great Pittsburg 
coal at its base, are of notable thickness and value.^’^ 

The four distinct subdivisions of the system above described 
are generally not recognized as such in the Mississippi Basin, but 
various local names are there given to the subdivisions of the 
system which is usually thinner and less arenaceous than in the 
Appalachian district. 

1 A maximum thickness of 800 to 900 feet for the Conemaugh is shown in 
western Pennsylvania and Maryland 

* D. White. U S. G. S , Professional Payer 71, pp. 431-432, 
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Fig 111 

Geologic (columnar) section in western Pennsylvania showing the vertical distribution of coal beds (heavy black bands) and 
their relations to associated strata. (After Campbell, U. S. Geological Survey, Folio 94.) 
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Small areas of Pennsylvanian igneous and metamorphosed 
sedimentary rocks, together with some graphitic coal, occizr in 
Rhode Island and Massachusetts. 

Coal-bearing strata of this age, largely shales and sandstones 
of non-marine origin, attain a thickness of thousands of feet in 
New Brunswick and Nova Scotia. 

In the midst of the Mississippi Basin, especially from Indiana 
westward to eastern Nebraska and thence southward into Texas, 
alternating, continental, coal-bearing, and marine strata occur. 
Not only are these strata as a rule thicker, but also they are 
more generally of marine origin, than the Pennsylvanian strata 
of the Appalachian region. Sandstones and shales of this age 
reach the phenomenal thickness of fully 25,000 feet locally in 
Arkansas and Oklahoma. 

In central Texas the various formations of Pennsylvanian age 
reach a thickness of 6500 feet. These are hsted in the table on a 
preceding page. 

Pennsylvanian Rocks in the West. — In the Rocky Moun- 
tains and westward in the Umted States, the Pennsylvanian rocks 
are practically all of true manne character and consist largely of 
hmestone and shale with some sandstone and httle coal, thus being 
in marked contrast with the rocks of the system in eastern North 
America The thick Wells hmestone of the Idaho region is par- 
ticularly noteworthy. The Pennsylvaman strata have seldom been 
subdivided in the far west. 

Thickness of the Pennsylvanian. — In the Appalachian dis- 
trict, the system ranges m thickness from about 1500 feet to 
approximately 10,000 feet. A maxunum thickness of 13,000 feet is 
known m Nova Scotia, and 12,000 feet m Rhode Island. Through 
the Mississippi Basin the thickness is usually not more than 1000 
to 2000 feet, though in Arkansas a thickness of over 25,000 feet 
has been found. In the western United States the thickness 
varies much, though it is usually at least several thousand 
feet. 

Igneous Rocks. — Considerable amounts of granite are in- 
truded into the Pennsylvanian and other rocks of Massachusetts, 
but these may really be of Post-Pennsylvanian age. Also in the 
Cordilleran region from northern Cahfomia to Alaska vulcanism 
occurred on a large scale in Pennsylvaman time, and much volcanic 
material is there associated with sediments. 
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Physical History 

Early Pennsylvanian. — The Pennsylvanian period was charac- 
terized not only by an unusual number of oscillations between land 
and sea, but also by various diastrophic movements more or less of 
the nature of mountam-makmg. Disregarding relatively minor os- 
cillations of level between land and sea, the outstanding feature m 
regard to the relations of land and water durmg Pennsylvanian time 
was progressive submergence of a considerable portion of the con- 
tinent, beginning in the east and spreading westward and then 
northwestward to Alaska. 

As we learned in the preceding chapter, the Mississippian period 
closed with a widespread emergence of all of the submerged areas m 
eastern North America. Very early m the Pennsylvanian the sea 
began to transgress over the land by extending a long, narrow 
estuary northward through the Appalachian district as far as 
Pennsylvama. The Pottsville sandstones and conglomerates, de- 
rived by erosion from Appalachia immediately to the east, were 
deposited to great thickness in this estuary, and it is thus readily 
seen why the Pottsville should be thickest on the east side. Gradu- 
ally the early Pottsville basin of deposition expanded and extended 
over much of the interior region containing Pennsylvanian coal, 
through central Texas, and westward across northern Mexico to the 
Pacific Ocean. There was probably a connection between this 
sea and the Gulf of Mexico through eastern Mexico, and a narrow 
eastern connection with the Gulf probably existed. Map Fig. 112 
shows the situation. The marine waters, except in Mexico, were 
more or less intermittent with low swampy lands. 

Middle and Late Pennsylvanian. — The relations of land and 
water just described continued nearly the same mto early Middle 
Pennsylvanian (Allegheny) time, but probably the westward con- 
nection with the Pacific did not then exist. 

Later in Middle Pennsylvanian (Conemaugh) time the sea 
swept westward over the western interior of the United States to 
connect with the Pacific Ocean across northern Cahfomia. 

In Late Pennsylvanian (Monongahela) time the sea contmued 
its sweep until the Rocky Mountain region of western Canada and 
the eastern part of Alaska were covered. Fully one-third of the con- 
tinent was then submerged as shown by map Fig. 113. Volcanoes 
were then active between northern Cahfomia and Alaska. 
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In the western part of the continent true marine conditions 
prevailed m Pennsylvanian time, hence there is little coal of 
this age there. In the east, however, marine, estuarme, lacustrme, 
marsh or bog, and even land conditions alternated more or less 
locally in the basins of deposition. 

Origin of the Coal Beds. — Since the remarkable physical 
geography conditions of Pennsylvanian tune favored the accumu- 



Paleogeographic map of North America durmg Early 
Pennsylvaman time. White areas, land, ruled areas, 
sea. (Prmcipal data, modified by the author, after 
maps by C. Schuchert ) 

lation of the world^s greatest coal beds, they deserve more detailed 
discussion. “ Perhaps the most perfect resemblance to coal-form- 
ing condition is that now found on such coastal plains as that of 
southern Florida and the Dismal Swamp of Virginia and North 
Carolina. Both of these areas are very level, though with slight 
depressions in which there is either standing water or swamp 
condition. In both regions there is such general interference with 
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free drainage that there are extensive areas of swamp, and m both 
there are beds of vegetable accumulations. In each of these areas 
there is a general absence of sediment and therefore a marked 
vanety of vegetable deposit. If either of these areas were sub- 
merged beneath the sea, the vegetable remains would be buried 
and a further step made toward the formation of a coal bed. 
Reelevation, makmg a coastal plain, would permit the accumula- 



Paleogeographic map of North America durmg late 
Middle and Late Pennsylvanian time. White areas, 
land; ruled areas, sea. (Principal data, modified by 
the author, from maps by B Wilhs and C Schuchert.) 

tion of another coal bed above the first, and this process might be 
contmued again and again.'^^ It is, however, not necessary to 
assume repeated elevation and subsidence of swamp areas in order 
to account for numerous coal beds one above another in a given 
region. A general subsidence, often intermittent (with possibly 
some upward movements), would occasionally cause the luxuriant 

1 H. Hies: Economic Geology^ 1910, p. 9. 
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vegetation of a great swamp area to be killed and allow the depo- 
sition of sediment over the site. Then the fillmg of the shallow 
water with sediment would allow another bog to be formed, etc. 
In the coal field of Nova Scotia there are 76 distmct coal beds; m 
Alabama 35; in Pennsylvania at least 20; and m lUinois 9. Each 
of these coal beds represents an ancient swamp m which grew a 
luxuriant vegetation. It should be borne m nund that workable 
coal seams constitute only about 2 per cent of the containing 
strata which are sandstones, shales, clays, and, m some localities, 
limestones. 

Perhaps no single coal seam in the world underhes such a large 
area (12,000 to 15,000 square miles) as the famous Pittsburg coal 
bed. It IS worked over an area of about 6000 square miles, and for 
2000 square miles it averages 7 feet in thickness. Most of the 
swamps or bogs of Pennsylvanian time were much smaller than 
this. 

In the anthracite coal district of eastern Pennsylvania, the 
famous ‘‘Mammoth coal bed is remarkable for its great thickness 
up to 50 or more feet. 

It may be of mterest to consider the length of time necessary 
for the accumulation of so many coal beds one above the other. 
A vigorous growth of vegetable matter on an acre has been esti- 
mated to produce the equivalent of 100 tons of dried organic 
matter per century. This amount compressed to the specific 
gravity (1.4) of coal would cover an acre less than two-thirds of an 
mch deep. Considering that four-fifths of the organic matter 
escapes as gases in the process of coal making, we find that it would 
take nearly 10,000 years to make one foot of coal. Now, since the 
total thiclmess of coal beds in the Pennsylvanian system is often 
from 100 to 250 feet, it is readily seen, on this basis, that the time 
necessary for the accumulation of the coal deposits was from 
1,000,000 to 2,500,000 years. On a conservative basis, the time 
necessary for the deposition of the sediments was fully as long, 
so that the Pennsylvanian period appears to have had a duration of 
no less than 2,000,000 to 5,000,000 years. 

Close of the Pennsylvanian. — At the end of the period the 
remarkable, near sea-level, coal-swamp geographic conditions in 
the eastern United States were somewhat reduced by emer- 
gence of the lands distmctly above sea level. From the Great 
Plains westward also the marine waters were notably restricted. 
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In the east, at least, the emergence was probably due to a begin- 
ning of the great orogenic movements which culmmated m the 
Appalachian Mountam Revolution at the close of the Paleozoic era. 

Foreign Pennsylvanian 

Europe. — Viewed in a broad way, the Pennsylvaman of 
Europe presents certain interestmg parallels with North America. 



Fig. 114 

Sketch map showmg the general areas of submergence in Europe during 
Pennsylvanian time White areas, land; ruled areas, sea. (Modified by 
the author after P X. Schaffer ) 

Thus in Europe, sandstone or conglomerate, corresponding to our 
Pottsville, often lies at the base of the system. Above this, in 
western Europe, are the Coal Measures consisting of shales, sand- 
stones, and some limestones together with numerous beds of coal, 
and in every way much like the Coal Measures of eastern North 



18G 


HISTORICAL GEOLOGY 


America (Fig. 111). In eastern and southern Europe the rocks are 
largely true marine limestones and free from coal, though some 
coal does exist m southern Russia. Map Fig. 114 shows, m a 
general way, the principal areas of submergence during Pennsyl- 
vanian time. 

Igneous rocks were intruded into the strata of western Europe 
during the Pennsylvaman, the vulcanism probably bemg a con- 
tmuation of that begun m the preceding period. 

Other Continents. — Much rock of Pennsylvanian age, both 
of marine and non-marine origm, occurs m Asia, with coal beds 
in Asia Minor, the east side of the Ural Mountains, and in northern 
China. The coal beds of China are said to be extensive and im- 
portant. 

Marine strata without coal occur in northern Africa. In the 
Zambesi district of southern Africa a coal field is known. 

In Austraha and South America marine and non-marine strata 
of this age are also pretty widespread. Much coal occurs in 
southern Brazil. 

Climate 

Until comparatively recently the plant life of the great coal 
period was thought to imply a warm to tropical, very moist, 
uniform climate. More careful study, however, clearly points to 
a temperate, only relatively humid, but remarkably uniform 
climate. Some of the criteria favoring this latter view may be 
stated as follows:^ The great size and height of the plants 
together with their frequent succulent nature and spongy leaves 
indicate luxuriant growth in a moist, mild chmate; absence of 
annual rmgs of growth shows absence of distinct change of seasons; 
the presence of aenal roots, by analogy with similar modem plants, 
imphes a moist and warm climate; the nearest present-day allies 
of the coal plants attain greatest growth in warm and humid 
climates; at present the greatest accumulations of vegetable 
matter in bogs and marshes take place in temperate climates 
where decay is not too rapid and thus suggests a similar climate 
for the accumulation of the coal deposits; and the remarkable 
distribution of almost identical plant types in Pennsylvanian 
rocks from Arctic to tropical regions clearly shows a pronounced 
uniformity of climate over the earth. 

1 Based upon the work of D. White: Jour Geol , Vol. 17, 1909, p. 338. 
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Economic Products 

As already suggested, the principal economic product of Penn- 
sylvanian age is coal, the richest and most extensive coal deposits 
m the world bemg of this age. Eastern North America, western 
Europe, and northern China contam the most important coal 
fields. The map (Fig. 109) gives a general idea of the locations of 
the coal fields of eastern North America, though several of the 
areas of coal-bearing Pennsylvanian rocks are really somewhat 
larger than this surface distribution (or outcrop) map shows. 
These areas, largely underlam with workable coal, are as follows: 

(1) Anthracite field of eastern Pennsylvama — 484 square miles; 

(2) Appalachian field from western Pennsylvania to Alabama — 
70,000 square miles; (3) Eastern Interior field m Indiana, Illi- 
nois, and Kentucky — 50,000 square miles; (4) Northern In- 
terior field in Michigan — 11,000 square miles; (5) Western 
Interior field from Iowa to Oklahoma — 72,000 square miles; 
(6) Texas field — 13,000 ‘square miles; and (7) Nova Scotia- 
New Brunswick field — 18,000 square miles. Thus m eastern 
North America a total of about 236,000 square miles is mostly 
underlain with workable coal of Pennsylvanian age. Consider- 
able coal of this age also occurs in Alaska. 

Iron ores of some importance are found in the carbonate and 
oxide forms as bedded deposits in Pennsylvanian rocks. Such 
deposits were formed by precipitation, in the marshes and swamps, 
of the iron brought down from the lands m soluble form. The 
prmcipal deposits occur in western Pennsylvania, eastern Ohio, 
and northern West Virginia. 

Pennsylvanian rocks also 3deld considerable oil and gas espe- 
cially in Illinois, Kansas, and Oklahoma. 

Life of the Pennsylvanian 

In the preceding Paleozoic chapters, our studies of organisms 
have been chiefly confined to marine forms because either they 
only existed, or predominated, or because they have left us 
the most abundant records. Rocks of the Pennsylvanian sys- 
tem are the earliest to carry abundant records of land plants 
and animals (Amphibians), and for the first time our principal 
discussion of the life of a period will deal with such forms. The 
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Coal Measures and their enclosed organic remains have been 
studied m unusual detail because of the economic value of the coal 
Plants. — The plant life of Pennsylvanian tune was very 
prolific and the records for this period are far more abundant than 
for any other Paleozoic period, one reason for this unusually full 
record doubtless bemg the very favorable conditions for pres- 
ervation of the flora of the tune. 
Several thousand species of now 
extmct plants are known from 
the Coal Measures alone. It 
must be remembered that most 
of the important classes of 
Pennsylvanian plants existed as 
early as m the Devonian, but 
these earher records are much 
more scant. The known Coal 
Measures flora consists almost 
entirely of the higher Crypto- 
gams (Pteridophytes) and the 
lower Phanerogams (Oymno- 
sperms), though Thallophytes 
(e g. Algse) certainly, and Bryophytes probably, also existed. 
From the negative standpomt, the most sigmficant feature was 
the complete absence of the typical flowermg plants {Angio- 
sperms) which are today the most common and the most advanced 
of all plants. 

Ly copods (giant Club-mosses) were the largest, most abundant, 
and conspicuous of the forest trees, and they appear to have culmi- 
nated during this same period. In marked contrast to such a 
high position, their descendants of today are represented only 
by a few, small, dehcate, trailing so-called Club-mosses and 
Ground-pines m our forests. Two of the most promment of the 
Pennsylvanian Lycopods were the Lepidodendrons and the S%gtl- 
larians. The Lepidodendrons ('^scale-trees”) had leaf-scars or 
scales arranged spirally around the trunks of the trees (Fig. 115a). 
They generally attained a height of 50 to 100 feet and a di- 
ameter of 2 to 4 feet. The tall trunks were slender and they 
branched dichotomously (by twos) only at a considerable height. 
Long, stiff, needle-shaped leaves were thickly set on the branches. 
The dropping of the leaves from the older (trunk) portions caused 



a h 

Fig 115 

Lepidodendron bark (a) and Sigilla- 
nan bark (h), showing arrange- 
ment of leaf-scars 
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the leaf-scars or scales above mentioned. Inside of the outer bark, 
the stem consisted of pithy or loose cellular tissue. Over 100 
species of the Lepidodendron are known. The Sigillarians (^^seal- 
trees”) are so called because of seal-like markings (Fig. 115b) 
which were arranged vertically on the tree trunk. They were even 
larger than the Lepidodendrons, having attamed a height of 100 



Fig. 116 

A Pennsylvanian Pteridospenn, Manopteris. (After D White, U. S. Geo- 
logical Survey, Monograph 37 ) 


feet or more and a diameter of 5 or 6 feet. The trunk seldom 
branched and it ended with a rounded tip. In other respects these 
trees were much like the Lepidodendrons. 

Equiset(B ('^ Horse-tail” plants) were also common in the Penn- 
sylvanian forests. These plants had long, slender, segmented 
stems which were either hollow or filled with a large, soft pith 
(Fig. 118). The leaves, which were arranged in whorls around the 
stems at the joints, were of variable shapes and sizes, usually either 
needle-like, scale-like, or strap-Kke. The outside of the stem had a 
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sort of finely fluted structure but without scars and not continuous 
as in the Sigillarians. They reached heights of 60 to 90 feet and 
diameters of 1 or 2 feet. Equisetse are today chiefly represented 
by only a few species of rush-like forms not over a few feet high, 
though in South America some very slender forms grow to heights 
of 30 or 40 feet. 

Fihcales (true Ferns) were fairly common and diversified, both 
as tree-like forms and as small, herbaceous forms. Both forms 
were very similar in appearance to those now living in tropical 
and temperate climates (Figs. 116-117). 

Ptendosperms (j^^Seed ferns'^), 
which were common in the Pennsylva- 
nian, comprised a remarkable group of 
plants recently regarded as transi- 
tional between the Cryptogams and 
Phanerogams. They possessed seeds 
but not flowers and showed many 
features which seem to make them the 
connectmg link between the Fihcales 
and the Cycads, hence the name Cyc- 
adofiJhcales ” The seeds were arranged 
on the leaves. There is considerable 
difference of opinion concerning the 
relations and affinities of this remark- 
able group of plants, now long extinct 
(Fig. 119). 

Gymnosperms. — Of these the most 
abundant representatives were the 
Cordaites. They were comparatively slender trees which attained 
a diameter of 2 or 3 feet and a height of 90 feet or more (see 
Fig. 120). The branches, which were given off only toward the 
top of the trunk, were supphed with numerous, long, very simple, 
parallel-veined, strap-shaped leaves notable for great size, some- 
times 5 or 6 feet long and 5 or 6 inches wide. The trunks were 
covered with thick bark, while inside there was much pith. Many 
specimens have been well preserved. They were important contrib- 
utors to the formation of some coal beds. They possessed certain 
features or structures of the Seed-ferns, Conifers, Cycads, and Gink- 
gos in addition to their own characteristics. Cordaites thus afford 
a fine illustration of a generalized type of plant, that is to say one 



Fig. 117 

A hving Tree-fem. (From 
Le Conte's Geology/' 
permission of D. Appleton 
and Company ) 
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which combined the characters of several distinct (some later) 
forms. 

True Cycads and Conifers are not certainly known to have 
existed m the Pennsylvanian period, though some primitive Cycad- 
like plants probably did. 

Invertebrates. — Unless otherwise stated the classes of Penn- 



Fig. 118 

A Permo-Carboniferous landscape, showing some of the most conspicuous 
plants of the great Coal Age Lcpidodendrons (with branches) and Sigil- 
larians (without branches) in the left background; Equisetae (segmented) 
on the right; Seed-ferns in the left foreground; two Ajoaphibians {Eryo'ps) 
on the land; a primitive Reptile (Lmnoscelis) in the water; and a great 
Insect (Dragon-fly) m the air. (From a drawing by Prof. S. W. WiUiston ) 

sylvanian Invertebrate animals were much the same as those of 
the middle Paleozoic periods. Only certain notable differences, 
particularly those of evolutionary significance, will be pointed 
out. 

Foraminifers were very abundant as proved by the vast 
numbers of tiny wheat-like shells which contributed much to 
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building up certain Pennsylvanian limestones m America, Europe, 
and other continents. 

Of the Pehnatozoans (stemmed Echmoderms) only the Blastoids 
and Crinoids remained, the former havmg become extinct during 
the period. The Cnnoids showed a remarkable fallmg off after 



Kg, 119 

A Ptendosperm or Seed-fem. Restored by D H. Scott and J. Allen. (From 
Chamberlin and Salisbury's “Geology,” courtesy of Henry Holt and 
Company.) 

their culmination in the Mississippian, but in the Mesozoic they 
regained prommence. 

Brachiopods were still common but by no means as prominent 
as in earlier Paleozoic periods. They were much like the Missis- 
sippian forms. A noteworthy fact was the almost world-wide 
distribution of some of the species, which mdicates either actual 
land bridges or at least shallow water areas connecting all the 
contments. 

Among the Gastropods^ it is important to note that several 
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species of the earliest known land (air-breathing) Snails have been 
found. 

Cephalopods, both Nauhloids and Ammonoids were much as in 

the Mississippian, though 
the latter showed gradually 
increasing complexity of 
suture structure (Fig. 121). 

Tnlobztes were few and 
unimportant and close to 
the period of their extinc- 
tion. 

Eucrustaceans of Shrimp- 
hke and Crayfish-like forms 
were present but not com- 
mon (Fig. 122). 

Arachnids were well rep- 
resented by both Spiders 
and Scorpions, the former 
having made their first 
known appearance. They 
looked much like existing 




Fig. 120 

Cordaites restored (From SchucherPs 
Historical Geology/' courtesy of John 
Wiley and Sons ) 


Fig. 121 

A Pennsylvanian Go- 
niatite (OoniatUes 
lyom After Meek.) 


forms (Fig. 123). Eurypterids still continued though not in 
abundance. Their common associations with land and fresh- 
water plants and animals clearly proves many at least to have 
been fresh-water dwellers. 
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Fig 122 


Pennsylvanian Euerustaceans: a, AnthrapaloBmon giaahs (Meek 
and Worthen), 6, Euproops dance (Meek and Worthen) (From Lc 
Centers “Geology,” permission of D Appleton and Company ) 

Myriapods were plentiful. 

Insects, including the oldest known fossil forms, occur in Penn- 
sylvanian rocks. Their appearance marked a notable advance in 
the evolution of Invertebrate life because they include the most 




Fig. 123 

Pennsylvaman Arachnids* a, Scorpion, Eoscorpim carhonarius (Meek 
and Worthen); h, Spider, Anthrolycosa anUqua (Beecher). (From Le 
Conte's “Geology,” permission of D. Appleton and Company.) 
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highly organized of these creatures. As would be expected in ac- 
cordance with the abundant and favorable plant environment, the 
Insects showed a notable development. Hundreds of species are 
known from the Coal Measures of America alone. Nearly all were 
of simple types belongmg to the Orthopters and Neuropters, which 
orders are represented by modern Grasshoppers, Cockroaches, 
Caddisflies, etc. Somewhat higher types may possibly have been 
present, but the highest Insects, such as Butterflies, Bees, Ants, 
etc., are not known to have existed. Two other noteworthy facts 



Fig. 124 

A Pennsylvanian Insect, Corydaloides scudderi (Brongniart). 

This Insect had a spread of wing of 18 inches. (From Le 
Conte’s Geology,” permission of D Appleton and Company.) 

regarding Pennsylvanian Insects are: (1) Their great size, some 
having had a spread of wing of from 1 to feet (Fig. 124) ; and 
(2) the existence of three pairs of wings on some species. Probably 
the most common of all Pennsylvanian Insects were the Cock- 
roaches, hundreds of species being known. Some specimens are 
several inches long. 

Vertebrates. — Pishes continued much the same as in the 
Mississippian. 

Amphibians for the first time left abundant records in the 
Pennsylvanian rocks, and they merit special discussion here. This 
was probably the culminating period of the Amphibians, and from 
the standpoint of the evolution of the air-breathing Vertebrates 
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the Pennsylvanian is regarded as a very important period in geo- 
logical history. It is to be remembered that the earliest Amphib- 
ians almost certainly evolved from certam types of Fishes. All 
Mississippian and Pennsylvanian Amphibians are often classed 
together as Stegocephaliansj so called because of the relatively 
large, bony, roof-like plates of the skulls. 

As regards the principal forms of Amphibians of Pennsylvanian 
time, the writer can do no better than to quote an excellent sum- 
mary by S. W. WiUiston:^ ‘‘The predominating types of the 



Fig 125 

A Pennsylvanian Amphibian (Labyrmthodont), Eryops This creature at.- 
tained a length of 6 or 8 feet (Courtesy of the American Museum of 
Natural History.) 

Pennsylvanian were what we usually caU the Branchiosaurs and 
the Microsaursy for the most part small or very small creatures, at 
least as small as their nearest living relatives of the present time, 
the Salamanders, We are qmte justified in the belief that their 
habits in general were not greatly unlike these descendants, rather 
sluggish creatures living about or m the water, for the Branchio- 
saurs at least passed through larval stages. They were more or 
less protected by an external bodily armor against their enemies, 
whether of their own or other kinds, m all probability terminat- 
ing their existence as distinctive types long before the close of the 
Paleozoic. But among them there were some classed with the 
heterogeneous group which we caU Microsaurs, which had made 
a very distinct advance, both toward a higher existence and away 
1 OuUines of Geologic Historyy 1910, p 164. 
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from the water. . . . Some lost the dermal armor completely 
and became fleet of movement, as is evidenced by the structure 
of the limbs, limbs mimicking in form and structure so closely 
those of modern quick-running Lizards as to be practically indis- 
tmguishable.'^ 

The LahynnthodontSj and certain other closely related forms, 
comprised another impor- 
tant group of Pennsylva- 
nian Amphibians. They 
are so named because of 
the peculiar, labyrmthine, 
internal tooth-structure 
(Fig. 126). They were the 
gigantic land Vertebrates 
of the period, some having 
reached a length of 7 or 8 
feet (Fig. 125). 

Reptiles, — Whether or 
not true Reptiles existed in 
this period depends largely 
upon the classification of 
the primitive land Verte- 
brates. The abundance of 
true Reptiles in the succeeding (Permian) period strongly suggests 
their earlier differentiation from the Amphibians. According to 
WiUiston. “We may be assured that some of them (Amphibians), 
before the close of the Pennsylvanian, were inhabitants of high- 
and-dry land regions where fleetness of movement, rather than 
obscurity, preserved them from their enemies, crawling Reptiles 
in everything save some insignificant technical details of their 
plates.” 



Fig 126 

Transverse section of a Labyrinthodont 
tooth (After Owen from Norton’s 
'^Elements of Geology,’’ by permission 
of Ginn and Company, Publishers.) 


CHAPTER XII 


THE PERMIAN PERIOD 


Origin of Name, Subdivisions, Etc. 

This period was so named by Murchison in 1841 because of 
the widespread development of rocks of this age in the Russian 
provmce of Perm. It is rather distmctly a transition period be- 
tween the Paleozoic and Mesozoic eras. In both the eastern and 
western United States the Pennsylvaman rocks usually grade 
upward into the Permian, while in the western interior region the 
Penman and Triassic strata are often much alike. Thus it is 
often diflS.cult to sharply separate the Permian from the systems 
immediately above and below it, and the delimitation of the 
Permian system in western Amenca is by no means a settled 
matter at the present time. The scarcity or absence of fossils m 
many of the western areas adds to the difficulty. 

The foUowmg table will give a general idea of the subdivisions 
now recognized m some of the better known regions, though it must 
be clearly understood that precise correlations are not meant to 
be imphed. 


Texas 


Kansas 


\Pennsylvania 


Grand 

Canyon 


(Little or no very late marine Permian in North Amenca) 


’ Double Moimtain 

Cimaxron (Red Beds) 


Kaibab 

(Salt, gypsum, 

(Sandstones, shales, 

(Missmg) 

(White 

and hmestone) 

dolomites, and gyp- 


limestone). 

Clear Pork 

sum) 


Coconino 

(Limestone and 

Wellmgton 

Dunkard 

(Gray sand- 

red clay) 

(Various strata). 

(Sand- 

stone). 

Wichita 

Big Blue 

stones, 

Supai 

(Red clay, sand- 

(Shales and lime- 

shales. 

(Red sand- 

stone, and lime- 

stones). 

hme- 

stone and 

. stone). 


stones,and 
some coal) 

shale). 
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DfSTRIBUTION AND ChAKACTER OP THE RoCKS 

General Distribution. — Compared with the preceding Paleo- 
zoic systems, the Permian rocks have a rather limited distribu- 
tion. There are small areas m Nova Scotia and New Brunswick; 
a small area in Pennsylvania, Ohio, and West Virgmia; large areas 
in Arizona, New Mexico, Texas, Oklahoma, Kansas, Colorado, 
Nebraska; and some smaller areas m Colorado, Utah, Nevada, 
Califorma, Idaho, Montana, southwestern Canada, and Alaska. 
Most of these surface exposures are withm the areas represented on 
the map (Fig. 130) as occupied by marme waters. 

In the western United States the Permian strata are consider- 
ably more extensive than their surface distribution because they 
are concealed under Mesozoic or Cenozoic rocks over large areas. 
Also there is some reason to think that the Permian strata for- 
merly extended over much of the Great Basm region, but have 
been removed by erosion, leaving much Pennsylvanian or Missis- 
sippian rock now at the surface. In the eastern United States, 
however, the one small area in the northern Appalachian district 
compnses all of the Permian except possibly some in the lower 
Mississippi Valley, where Mesozoic and later rocks effectually con- 
ceal the older rocks. 

Character of the Rocks. — ^The Permian strata (Dimkard 
series) in the small area of the northern Appalachian district are 
sandstones and shales, together with some limestone and coal 
beds. They are in every way much like the Coal Measures just 
below. 

In Kansas the Permian rocks are divisible into two rather dis- 
tinct series, the lower or Big Blue series of shales and limestones 
being largely marine, while the upper or Cimarron series of sand- 
stones, shales, limestones, salt, and gypsum are mostly not truly 
marine and they are characterized by a prevailtug red color. 

The Texas Permian strata are chiefly red beds of mostly non- 
marine origin and divisible into three series as shown above. Red 
and blue shales, limestones, and sandstones, with some gypsum, 
constitute the two lower series, while red sandstones, shales, salt, 
and gypsum chiefly make up the upper series. 

The salt beds of Kansas, Oklahoma, and Texas underlie an area 
of fully 100,000 square miles, reaching a thickness of more than 
1000 feet in Texas (see Fig. 129). Recently there have been dis- 
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covered in the Permian of western Texas potash deposits of con- 
siderable extent. 

Strata, mostly of non-marine origm and containmg much red 



Fig 127 

A detail view of Permian (Kaibab) limestone at the rim of the Grand Canyon 
of Arizona Most of the rock m the distance is of Paleozoic age (Courtesy 
of the U S. Geological Survey ) 

materials like those of Texas and Kansas, are also found through 
New Mexico, western Colorado, and Wyommg (see Fig. 128). 
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in the states farther west, including Arizona, Utah, Idaho, 
Nevada, and northern California, there are considerable marine 
Permian formations. Three marine formations — Supai red sand- 
stone and shale, Coconino gray sandstone, and Kaibab white lime- 
stone (at the top) — constitute the upper 2000 feet of the walls 
of the Grand Canyon of Arizona. 

True marine strata, some thousands of feet thick, are known in 
Alaska, especially in the Copper River region. 



Pig 128 


Late Permian or early Triassic “Red Bcds^' m Red Butte, eastern Wyoming 
The bright red strata are capped by a 30-foot layer of white gypsum (After 
Darton, U S Geological Survey, Foho 127 ) 

In Nova Scotia and New Brunswick the Permian also consists 
mostly of red beds mcluding conglomerates, sandstones, and 
shales. 

Thickness of the Permian. — In Pennsylvania and Ohio the 
Dunkard series (Lower Permian only) shows a thickness of about 
1000 feet. A thickness of 2000 feet for the whole system is re- 
ported from Kansas; 5000 to 10,000 feet in Texas; and 3800 feet 
in Utah. In Nova Scotia and New Brunswick Penman strata 
attam a maximum thickness of 8000 feet. 
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Igneous Rocks. — Plu- 
tonic Igneous rocks (mainly 
gramtes) of Permian, and 
possibly somewhat earlier, 
age occur in numerous large 
and small bodies in the 
Piedmont Plateau and so- 
called older Appalachians, 
especially in their southern 
portions, and also m New 
England, New Brunswick, 
Nova Scotia, and New- 
foundland. 

Physical Histoby 

During the Period. — 
Combining the above de- 
scriptions of rock distribu- 
tion and characters with 
an examination of the pa- 
leogeographic map, the 
physical history of North 
America durmg the Permian 
may be readily compre- 
hended. 

The Late Pennsylvanian 
sea seems to have continued, 
somewhat restricted, into 
earliest Permian time, thus 
the relations of land and 
water in North America 
were still much as shown on 
map Fig. 113. Soon, how- 
ever, the waters became 
much more restricted as a 
result of the disappearance 
of the arm of the sea from 
the Appalachian region 
westward to Kansas, and 
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also the withdrawal of the waters from Montana to central Alaska. 
The extent of the waters was then — late Lower and Middle 
Permian time — about as represented on map Fig. 130. 

Into the southwestern interior sea a bold peninsula, called 
the Ancestral Rockies, extended from South Dakota to western 
Texas. A more or less cut off arm of the sea or basin lay just 
east of this peninsula. In this basin, lying in an arid region, 



Paleogeographic map of North America during late 
Lower and Middle Permian time. White areas, land; 
ruled areas, sea. (Prmcipal data, modified by the 
author, from maps by B. Willis and C Schuchert ) 

the conditions were favorable for the deposition of the so-called 
Red Beds and associated great beds of salt and gypsum. 

By Late Permian time the southwestern interior sea seems to 
have vanished, leaving wide areas favorable for continental depo- 
sition. 

No very late Permian marine rocks are known in North America 
and, as far as known, the whole continent was a land area by the 
close of the period, 
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The Early Permian rocks of the northern Appalachian district 
clearly prove a contmuation of the Coal Measures conditions, 
that is great fresh-water swamps or basins, with occasional sea 
incursions. 

The Nova Scotia and New Brunswick Permian rocks are also 
chiefly of contmental origm, suggestmg conditions of deposition 
similar to those in Texas and Kansas, except that salt and gypsum 
are practically absent. 

Close of the Permian (Appalachian Revolution). — The Pale- 
ozoic era was brought to a close by one of the most profound 
physical disturbances in the history of North America. It has 
been called the Appalachian Revolution because at that time the 
Appalachian Mountam Range was born out of the sea by upheaval 
and foldmg of the strata. Perhaps it would be better to say that 
the revolution reached its climax at about the close of the Paleozoic 
because the evidence is clear that the upward movement began at 
least as early as the Pennsylvanian, and slowly increased to the 
close of the era. Smce Permian strata are involved in the folding 
along the western side of the Appalachians, we know that much of 
the disturbance must have occurred after the deposition of those 
strata 

All through the vast time (many miUions of years) of the 
Paleozoic era, a great land-mass (Appalachia) existed along what 
is now the eastern coast of the Umted States. Its western boundary 
was, most of the time, just east of the present Appalachians, while 
it must have extended eastward at least as far as the border of the 
continental shelf Concerning the altitude and the character of 
the topography of Appalachia we know almost nothing, but we 
do know that it consisted of rock of pre-Cambrian age. The enor- 
mous amount of sediment derived from it shows that Appalachia 
was high enough dunng nearly all of its history to undergo vigorous 
erosion. Although oscillations of level more than likely affected 
the land-mass, and its western shore line was qmte certainly 
shifted at various times, nevertheless it persisted as a great land 
area with approximately the same position during all of its long 
history. Its general position is well shown on the various Paleozoic 
paleogeographic maps. 

Barring certam minor oscillations of level, all of the region just 
west of Appalachia was occupied by sea water during much of the 
Paleozoic era, and sediments derived from the erosion of Appa- 
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lachia were laid down layer upon layer upon that sea bottom. 
The coarsest and greatest thickness of sediments deposited nearest 
the land, that is along what we might call the marginal sea bottom. 
At the same time, finer sediments and limestones in thinner sheets 
were bemg deposited over much of the Mississippi Valley region. 
By actual measurement, m the present Appalachians, we know 
that the maximum thickness of these sediments was at least 25,000 
feet. Now, since these are all of comparatively shallow water 
origin, as proved by the coarseness of sediments, ripple-marks, 
fossil Coral reefs, etc., we are forced to conclude that this marginal 
sea bottom gradually sank durmg the process of sedimentation, 
thus producing what is called a great geosynclinal trough. Perhaps 
the very weight of accumulating sediments caused this sinking. 
Finally, toward the close of the Paleozoic era, sinking of the 
marginal sea bottom and deposition of sediments ceased, and a 
tremendous force of lateral compression was brought to bear, 
causmg the strata to become folded and more or less fractured. 
Thus arose the great Appalachian Mountam range which, in its 
prime, was doubtless much loftier than it is today (see Fig. 131). 

This tremendous deformation took place very slowly, though 
during a short time as compared with the length of the Paleozoic 
era. As soon as the folds appeared well above sea-level, irregu- 
larities began to be carved out by the work of erosion so that even 
from early youth the mountams presented a rugged surface. 
Mountains now m process of growth, like the Coast Ranges of 
California, show such ruggedness. The great thrust faults, es- 
pecially of the southern Appalachians where certain great rock 
masses have been pushed for miles over others, were not produced 
by single movements but rather by many repeated movements 
along the same thrust planes (see Fig. 132). 

Important orogenic movements through New England and to 
Newfoundland are known to have taken place at the same time. 
Accordingly the whole eastern side of the continent, for a distance 
of 2000 miles, was profoimdly affected by mountain-making dis- 
turbances. 

The Appalachian Revolution was accompanied by tremendous 
intrusions of granite magma throughout New England, New Bruns- 
wick, and Newfoundland, and to the east of the Appalachian 
Mountams proper, particularly in the Piedmont Plateau and the 
so-called Older Appalachians.'^ The granite is now widely ex- 
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posed in these regions. An important factor contributing to the 
present-day height and ruggedness of northern New England and 
of the southeastern “Older Appalachian” region is the outcrop- 
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Fig 131 

Highly generalized structure sections across the Appa^ 
lachian Mountains and adjoining districts to illustrate 
certain important features m the history of the region. 

Upper figure: A, Appalachia; B, marginal sea-bottom 
(Appalachian geosynchne) mostly filled with sediments 
derived from Appalachia durmg Paleozoic time. 

Middle figure The same region with the strata folded 
mto mountains as they would have appeared, if un- 
affected by erosion, toward the close of the Paleozoic 
era A, Appalachia, Bj Tnassic basm or downwarp; 

C, Appalachian Mountains. 

Lower figure. The same region as it now appears after 
much erosion, the submergence of Appalachia, and the 
deposition of the Coastal Plain beds A, Coastal Plam; 

Bj Piedmont Plateau, C, Appalachian Mountains. 

(By the author ) 

ping of so much of this resistant granite. The two regions last 
mentioned are the highest and most rugged m eastern North 
Amenca, the highest peak of all being Mt. Mitchell in North 
Carolina with an altitude of 6711 feet. 
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Other important geographic changes 
in addition to the above were (1) the 
warping of the surface of Appalachia as 
we shall show in our discussion of the 
Triassic period; (2) the uplift of the Mis- 
sissippi Basin, mostly without folding of 
the strata, east of the Great Plains never 
again to become submerged to the pres- 
ent time except along the Gulf Coast, (3) 
the elevation of the Ancestral Rockies 
from South Dakota to western Texas; 
and (4) the elevation and erosion of many 
of the Permian areas west of the Rocky 
Mountams in the United States, which 
thus accoimts for a rather widespread 
unconformity between the Permian and 
Tnassic in those areas. 

Foeeign Pekmian 

Europe. — The Permian of Europe 
also shows two rather distinct phases — 
marine and non-marme — but the system 
in central and western Europe is usually 
separated from the underlying Upper 
Carbomfcrous (Pennsylvanian) by uncon- 
formity, thus presenting a contrast to 
North America. Early in the Permian 
a great salt lake (or series of lakes), some- 
times with local fresh-water conditions, 
extended over western to central Europe 
from Ireland to central Germany. Red 
beds, consisting of sandstones, shales, 
marls, salt, and gypsum, together with 
some coal beds, were formed in these 
inland water bodies. Fossils prove that 
marine waters sometimes spread over at 
least portions of this inland basin. Gla- 
cial deposits have recently been discovered 
toward the base of the Permian in Ger- 
many. Another feature of special inter- 
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est IS the large amount of igneous rock in the form of lava flows, 
dikes, and tuffs in the Lower Permian, particularly in the British 
Isles, Germany, France, and the Alps. 

'^ere the Lower Permian occurs m southern Europe, it is 
mostly of marme origin. 

About the begmning of the Upper Permian, marme waters 
appear to have prevailed over the enclosed basm areas of central 



Sketch map showing the relations of land and water in Europe during later 
Permian time White areas, land, ruled areas, sea (Modified by the 
author after F X. Schaffer ) 


and western Europe (Fig. 133), but soon again those waters with- 
drew to restore salt lake conditions. Neither coal nor igneous 
rock occurs in the Upper Permian, but the greatest salt beds in the 
world were deposited in northern Germany during late Permian 
time. Some layers of magnesium and potassium salts were de- 
posited with the common salt, one well having penetrated the 
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deposit near Berlin to a depth of 4000 feet without reaching the 
bottom. 

Upper Permian rocks do not occur m France, and where found 
m southern Europe they are largely marine. 

In Russia, the type region for the Permian, rocks of this age 
underlie much of the country and appear at the surface over a wide 
area in the eastern part, just west of the Ural Mountains. These 
rocks are usually conformable upon the Upper Carboniferous 
(Pennsylvanian). Non-marine deposits, including red beds with 
salt and gypsum, are common, though at some horizons true 
marme strata prove incursions of the sea. 

Other Continents. — In many other parts of the world Permian 
rocks are extensively developed, particularly in northern Asia, 
Chma, Persia, northern India (mcluding the Himalayas), South 
Africa, Australia, Tasmania, New Zealand, Argentina, and Brazil. 
Continental deposits are common. A most remarkable feature is 
the widespread occurrence of thick (sometimes from 1000 to 2000 
feet) glacial deposits in the Permian system in low-latitude coun- 
tries such as India, South Africa, southern Brazil, and Australia. 
Furthermore, the plam inference from the close association of 
certain of these glacial deposits with marme strata is that glaciers 
near the equator came down near or actually to sea-level. 

In some countries, as South Africa, Brazil, and Austraha, coal 
beds also occur within the Permian. 

Climate 

From the above descriptions it is evident that the Permian 
presents a remarkable combmation of climatic conditions, includ- 
ing extensive glaciation, widespread aridity, and conditions 
favorable for prohfic growth of coal-formmg plants, all in a single 
period. Thus the climate of the Permian stands out m striking 
contrast against the mild and uniform climate of the immediately 
preceding period. The concentration of the extensive glaciation 
over low-latitude countries, mstead of high-latitude regions, is at 
present without adequate explanation. It must be confessed that 
the perplexing problems of Permian climate are as yet far from 
solved. 

Economic Peoducts 

As already suggested, coal beds of considerable economic 
importance occur in the Permian of the northern Appalachian 
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belt, France, Germany, Bohemia, Australia, Transvaal, and 
Brazil. 

Salt IS obtamed from the Permian strata of Kansas, Oklahoma, 
and central Europe. 

Gypsum deposits, which are so widespread in rocks of Permian 
age, are quarried in many states as Iowa, Kansas, Oklahoma, 
Texas, New Mexico, South Dakota, and Colorado. 

The recently discovered potash deposits m the Permian of 
Texas bear promise of great commercial value. 

There are also important gypsum and potash deposits in 
Europe. 


Life of the Permian 

As compared with the preceding Paleozoic periods, the Permian 
shows a decided decrease in numbers and diversity of organisms. 
The known animal species of the period are to be reckoned by hun- 
dreds only. The organisms of the Penman were in several ways 
distinctly transitional in character between those of the Paleozoic 
and Mesozoic eras. 

Plants. — All the principal groups of Cryptogams were repre- 
sented much as in the Pennsylvanian, except that the Lycopods 
were very greatly reduced. In fact the Lepidodendrons became 
wholly extinct by the close of the period. The Equisetce and 
Ferns continued to be prominent, the Tree-ferns particularly 
becoming more common. 

From the standpoint of evolution, the most interesting changes 
or advances occurred among the Gymnosperms. In addition to 
the CordaiteSj which contmued from the Pennsylvanian, Cycads ^ 
and Conifers are known for the first tune, thus giving the flora a 
decided Mesozoic aspect. The introduction of the Cycads and 
Conifers marked a distinct advance m the plant world, the Cycads 
having evolved from the Seed-ferns, and the Conifers from Cor- 
daites. 

Invertebrates. — Unless otherwise stated the Invertebrates 
were m general much like those of the other later Paleozoic periods. 
There were of course many species changes. 

Foraminifers contmued to be very abundant as shown by their 

1 In this book the term ^^Cycad” is used m a broad sense to include the 
more primitive forms known as Cycadeoids. 



THE PERMIAN PERIOD 211 

presence in marine limestones. Radiolanans were present though 
they are not well known as fossils. 

Corals showed an important change m their evolution because 
of the first appearance of more modem Hexacoralla, or forms 
whose septa or dividmg walls were six m number or multiples of 
six. The Paleozoic Tetracoralla, however, still contmued to be 
common. 

Brachiopods contmued to be common with straight-hinged 
types, so abundant through the Pale- 
ozoic era, still prevalent for the last 
time. 

Pelecypods continued to increase 
in numbers and species, while Gastro- 
pods much like the older Paleozoic 
forms were still common. 

Among the Cephalopods some early 
Paleozoic types of Nauhlotds (e.g. 

Orthoceras and Gyroceras) still persisted 
and various species of the modern 
genus Nautilus were added. The Am- 
monoids show the most interesting 
evolutionary changes, because of the 
notably mcreased complexity of their 
partition or suture structures. A good 
example is shown in Fig. 134 which is 
really more suggestive of Mesozoic Ammonites than of Paleozoic 
Nautiloids. 

Among the Crustaceans and Arachnids the groups of Trilobites 
and Euryptends became extinct. In fact they had but few repre- 
sentatives in the Permian. 

Insects have been found in abundance, especially in the 
Permian of Kansas and, though the species are different, they 
were much like those of the Pennsylvanian. 

Vertebrates. — Fishes were in general very similar to those of 
the Mississippian and Pennsylvanian, though there were various 
species and genera changes. 

Amphibians, — In general it may be said that the Permian 
Amphibians were much like those of the Pennsylvanian, except 
that some were even larger, new species were added, and even more 
reptilian features were developed in some. 



Fig. 134 

A Pernuan chambeied Ce- 
phalopod, Waagenoceras 
cumrmnsi (White) showing 
highly folded suture (par- 
tition) hues 




A Penman Reptile, Pareiasaurus semdeus. This creature reached a length of 
over 8 feet. (After Broom, from Chamberlm and Salisbury's '^Geology," 
courtesy of Henry Holt and Company.) 



A Permian Reptile (Pelycosaurian), Naosaurus clanger, (After Gsbom, 
from Scott's “Geology,” permission of The Macmillan Company.) 
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Reptiles, — There may be doubt about the existence of true 
Reptiles in the Pennsylvanian, but there is no question about 
the abundant reptilian records of the Permian. They developed 
in a remarkable manner, so that before the close of the period 
several important subclasses or orders, represented by many in- 
dividuals, were evolved. Some of the Reptiles already began 
to show rather distinct mammalian characteristics. The accom- 
panying figures will give a good idea of two important Permian 
forms. 



CHAPTER XIII 

SUMMARY OF PALEOZOIC HISTORY 

have defined geology as the history of the evolution of 
the earth. Evolution, therefore, is the central idea of geology. 
It is this idea alone which makes geology a distmct science. This 
is the coherent principle which umtes and gives significance to all 
the scattered facts of geology — which cements what would other- 
wise be a mere incoherent pile of rubbish into a sohd and symmetri- 
cal edifice. It seems appropriate, therefore, that at the end of the 
long and eventful Paleozoic era we should glance backward and 
briefly recapitulate the evidences of progressive change (evolu- 
tion).’^ 1 


Paleozoic Rocks 

Paleozoic rocks are dominantly sandstones, conglomerates, 
shales, and limestones of typical, marine, sedimentary character, 
though contmental deposits also are common, such as fresh-water, 
swamp, or lagoon deposits of the Permsylvanian m the eastern 
Mississippi Basin and the ^^Red Beds” formed m great salt lakes 
of Permian age in the southwestern United States 

The marine strata furnish abundant evidence, by the presence 
of ripple and wave-marks, the coarseness of the clastic materials 
(conglomerates and sandstones), etc., that they were deposited in 
shallow (epicontinental) seas, and never in really deep ocean 
water. Continental deposits are also abundantly represented. 

In Europe the estimated maximum thickness of Paleozoic strata 
is 75,000 to 100,000 feet. It must be remembered, however, that 
this does not mean that such a great thickness of strata is present 
in any one locality, but rather that this represents the sum-total 
of the greatest thicknesses of the different formations of the con- 
tinent. 

A thickness of more than 25,000 feet of strata (largely clastic) 
actually piled layer upon layer may now be seen exposed in the 

^ J. LeConte. Elements of Geology, 5th Ed., p. 421. 
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highly folded and eroded Appa- 
lachians, while the maximum 
thickness of strata there must 
be between 40,000 and 50,000 
feet. 

The Paleozoic group of rocks 
in the interior of the Mississippi 
Basin measures only a few thou- 
sand feet in thickness, and lime- 
stones are there relatively more 
abundant than clastic deposits, 
because of the generally greater 
distance from the eroding 
lands. 

In the western United States, 
Paleozoic strata usually show a 
thickness of many thousands of 
feet, and limestones are there 
also prominently developed. 

The only large masses of 
igneous rocks of Paleozoic age 
are listed beyond under the 
caption “Igneous Activity.” 

Physical History 

Relations of Land and Sea. 
— Durmg Paleozoic time the 
most persistent, large, land 
areas (so-called “positive ele- 
ments”) which tended to stand 
out above the various epicon- 
tinental seas were as follows: 
Appdlachiaj which extended 
eastward from the Appalachian 
region to the deeper part of the 
Atlantic Ocean; Canadia, which 
covered much of northeastern 
Canada and Greenland; Cas- 
cadia^ which extended from 
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northern California to Alaska; and Mexicoia^ which covered the 
general region of Mexico. 

Lying between the four lands just mentioned, were the wide 
areas which tended to be flooded repeatedly (so-called negative 
elements ’0 • The Appalachian and CordiUeran geos 3 nachnes, m the 



Tig. 138 


Highly generalized paleogeographic map of North America from Cambrian to 
Mississippian time, mclusive. White areas, more persistent lands (positive 
elements); ruled areas, more persistent seas (negative elements); cross- 
ruled areas, Appalachian and CordiUeran geosynclmes (Prmcipal data, 
modified by the author, from maps by B. Willis and C Schuchert ) 

eastern and western parts of the continent, respectively, were 
the most persistent and well-defined portions of the negative 
areas (Fig. 138). 



SUMMARY OF PALEOZOIC HISTORY 217 

There were many oscillations of level between land and sea, 
causing repeated emergence and submergence of large and small 
areas, varying from a condition of the continent wholly land to 
fully two-thirds flooded Generally considered, the Paleozoic 
lands were relatively low and featureless — very different from 
the lands of today — and the epicontinental seas were shallow. 
There were, of course, more or less locally and at various times, 
considerable elevations of the land. 

In this brief summary only certain very important geographic 
changes will be mentioned. The accompanying generalized map 
(Fig. 138) should be studied, and the paleogeographic maps 
should be reviewed. 

The era opened with North America a land area. Early in the 
Cambrian, marine waters, in the form of long sounds, extended 
through the Appalachian and the CordiUeran regions. In the 
later Cambnan at least one-third of the contment was under 
water, but at the close of the period all was land. 

There were three great marine invasions during the Ordovician, 
most extensive of all in the middle of the period when fully 
two-thirds of the contment was submerged. 

Begmnmg with the contment all land, the Silurian was marked 
by several important marme transgressions, the one m the middle 
of the period having covered fully one-half of the continent. 
Very little sea water remained at the close of the period. 

An outstanding feature of the Devonian was a more or less 
steady advance of the sea from the begmnmg of the period to 
a httle beyond its middle when nearly one-half of the continent 
was submerged. A general withdrawal of the sea left all dry land 
at the close of the period. 

About one-third of North America became submerged during 
earlier Mississippian time, followed by considerable retrogres- 
sion of the sea in the midst of the period. Another extensive 
submergence marked later Mississippian tune. All was land at the 
close of the period. 

A great feature of Pennsylvanian tune was a more or less 
progressive submergence of a considerable portion of the continent, 
beginning m the east and spreading westward across the United 
States, and thence northward into Alaska. The great coal-forming 
swamps of the east were important. 

The Late Pennsylvanian sea continued into the earliest Per- 
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mian, after which there was a more or less steady retrogression of 
the sea, first from the eastern, and then from the western, part of 
the continent, leaving all dry land before the close of the period. 

Moimtain-makmg. — During the Paleozoic era there were four 
important movements in North America when rocks were folded 
into mountain ranges. The fiirst was the Taconic Revolution at 
the end of the Ordovician when part of the eastern border of the 
continent was considerably folded and elevated. The second was 
the Acadian Revolution, which orogeny affected eastern New 
England and New Brunswick at the close of the Devonian. 
The third was the Ouachita Revolution in Oklahoma and Arkan- 
sas, near the close of the Mississippian. The fourth was the 
Appalachian Revolution, by far the grandest of all, when the 
whole Appalachian region from Alabama to the Gulf of St. Law- 
rence was greatly folded. ‘ 

It is a significant fact that all of these important erogenic 
disturbances occurred withm the southeastern one-fourth of the 
contment, this bemg in marked contrast with the great moun- 
tam-making disturbances of Mesozoic and Cenozoic times in 
western North Amenca. 

Igneous Activity. — The long Paleozoic era was, until near its 
close, relatively free from important igneous activity in North 
America. An extensive Ordovician ash bed in the southern states; 
several thousand feet of volcanic rocks in the Silurian of Maine 
and New Brunswick; some Devonian lavas in northern California, 
and in the New England-New Brunswick region; some volcanic 
rocks of Mississippian age in Nova Scotia and New Brunswick; 
and large bodies of volcanic rocks in the Pennsylvaman from Cali- 
fornia to Alaska, constitute the prmcipal known records of Paleo- 
zoic volcanic activity. 

The only important plutomc igneous intrusions of Paleozoic 
age in North Amenca seem to have been the considerable invasions 
of granite magma which accompanied the Acadian Revolution, and 
the great gramte mvasions which accompanied the Appalachian 
Revolution. 

In Europe igneous activity was more frequent and widespread. 
Climate 

The strongest evidence from the character and distribution of 
the organisms points to a temperate and rather uniform climate for 
most part over the globe during Paleozoic time. 
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Typical glacial deposits show that extensive areas were glaci- 
ated about the beginning of the early Cambrian and again toward 
the close of the era (Permian). 

Certam deposits such as the “Red Beds/' salt, and gypsum 
mdicate at least local arid climate conditions, as for example in 
northern Siberia (Ordovician); New York (Salma epoch of the 
Silurian) ; Michigan, Montana, Nova Scotia, and Austraha (Mis- 
sissippian) ; and southwestern United States, western and central 
Europe, and other parts of the world (Permian). 

Organic History 

Viewed in a broad way, the life of the Paleozoic is distinctly 
different from that of the succeeding Mesozoic or Cenozoic. Very 
few species and not many genera passed from the Paleozoic to the 
Mesozoic, and even the larger groups of organisms which did con- 
tmue usually underwent important structural changes. Paleozoic 
orgamsms were the more primitive m structure, and it has been 
aptly said that they bear somewhat the same relation to the suc- 
ceeding forms that the embryo does to the adult. 

Of plants in the early Paleozoic only the simplest Cryptogams 
are known, while in the later Paleozoic periods there are abundant 
records of the higher Cryptogams such as Lycopods, Equisetge, 
and Ferns, as well as of the G3minosperms. Angiosperms (typical 
flowering plants) are wholly unknown from the Paleozoic, and even 
the later forests and foliage of the era must have presented a gloomy 
appearance because of the lack of true flowering plants as com- 
pared with today. 

The animals of the Paleozoic were predominantly inverte- 
brates, though Fishes were common in the Devonian and later 
periods, and Amphibians and Reptiles appeared in the later periods. 
Among the most common and characteristic types of invertebrates 
were GraptoUtes, Corals, stalked Echinoderms (Pelmatozoans), 
Bryosoans, Brachiopods, Tetrabranch Cephalopods (Nautiloids 
especially), Trilobites, and Euryptends. Certain of the higher 
Arthropods such as Spiders, Myriapods (Centipedes), and Insects 
did not appear till the era was rather well advanced. 

The accompanying chart has been devised by the writer for the 
purpose of bringing together, the sahent facts in the organic history 
of the Paleozoic era. Period by period the principal evolutionary 
changes in the sub-kingdoms and classes of organisms are shown. 
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Plants 

Protozoans 

Ponfers and 
Coslemieraies 

Echtnoderms 

i 

] 

Permian 

rhallophytes 
Bryophytes 
Ptendophytes Ly- 
copods reduced, 
Equisetse and Ferns 
common (Seed-ferns) 
Gryimnosperins Com- 
mon, e g Cycada, 
Coxdaites, Conifers 

Foraminifera 
Very common 

Radiolanans 

Present 

Sponges Present 

Corals Ancient Te- 
tracoralla still com- 
mon, but first Hex- 
acoralla appear 

Crmoids Greatly di- 
minished 

Asterozoans Pres- 

ent. 

Echmoids Present 

Pennsyl- 

vanian 

rhallophytes 
Bryophytes 
Ptendophytes. Cul- 
mmate, e g Lyco- 
pods, Equisetae and 
Ferns 

^eed-fems) 
Gymnosperms Sim- 
ple ones common 
6 g Cordaites 

Foraminifers 
Very abun- 
dant 

Radiolanans 

Present 

Sponges Present 

Corals Similar to 
Mississippian but 
less common 

Blastoids Become 
extinct 

Omoids Declinmg 

Asterozoans Pres- 
ent 

Echmoids Rare 

MississiP- 

PIAN 

rhallophytes 
Bryophytes 
Ptendophytes Com- 
mon and much like 
Devoman 
(Seed-ferns) 

Gymnosperms Simple 
tsqies only present 

Foraminifers 
Very abun- 
dant 

Radiolanans 

Common 

Sponges Common 
Qraptohtes Very 
rare and become ex- 
tinct 

Corals Cup and 
Honey-comb forms 
only, and less prom- 
inent than in the 
Devoman 

Blastoids Culmmate 
and become nearly 
extmct 

Crmoids Culminate 
m numbers and spe- 
cies 

Asterozoans* Not 
common 

Echmoids Common, 

Devonian 

rhallophytes Sea- 
weeds and Diatoms 
Bryophytes’ 
Ptendophytes* Lyco- 
pods, Equisetse, and 
Ferns 

(Seed-ferns) 
Gymnosperms Sim- 
ple types only 

Foraminifers. 

Present 

Radiolanans 

Present 

Sponges Common 
Graptolites Decline 
almost to extinction 

Corals Cup and 
Honey-comb forms 
greatly mcreased m 
numbers and size, 
Cham corals rare 
and become extinct 

Cystoids Rare and 
become extmct 

Blastoids Still un- 
common 

Crmoids Still in- 
creasmg 

Asterozoans. Abun- 
dant 

Echmoids Present 

Silurian 

Thallophyiies Sea- 
weeds 

Bryophytes’ 

Ptendophytes 

Ferns, but rare 

Foraminifers. 

Present 

Radiolanans 

Present 

Sponges Common 
Graptolites Dimm- 
ished in numbers 
and species 

Corals Increase m 
prominence and 
Chain-corals at- 
tain theu climax 

Cystoids Prominent 

Blastoids Still rare 

Crmoids Increase m 
numbers and species. 

Asterozoans and 
Echmoids Increase 

Ordovician 

rhallophytes 

Searweeds 

Higher Cryptogams’ 

1 

Foraminifera 

Abundant 

Radiolanans* 

Abundant 

Sponges Very com- 
mon 

Graptohtes: Roach 
climax m numbers 
and species. 

Corals Common eg 
Cup, Honey-comb, 
and Cham forms 

Cystoids Culnunate 

Blastoids. First ap- 
pear and rare 

Crmoids First ap- 
pear and common. 

Asterozoans and 
Echmoids First ap- 
pear and rare 

Cambrian 

rhallophsrtes. 

Algae 

Foraminifers. 

Present 

Sponges Common 
Hydrozoans. Grap- 
tolites and Jelly- 
fishes, both com- 
mon 

Corals Present? 

Cystoids Primitive 
forms and rare. 
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Molluscoida 

Molluaks 

ArthroTpods 

VertehreUea 

Bryozoans 

Abundant. 

Brachiopods Still 
common, with new 
species, straight- 
l^ged forms stdl 
prevail 

Pelecypods Greatly in- 
creased in numbers and 
species 

Gastropods Common 
Cephalopoda Someearber 
forms still persist, but 
Ammonoids (e g Waag- 
enoceras) now common 
and more complex 

Tnlobites Very rare and 
become extmet 
Euryptends 

Become extmet 

Insects Much like the 
Pennsylvaman 

Fishes and Amphib- 
ians Much like the 
Pennsylvanian, but 
with new species 

Reptiles Many rep- 
resentatives of the 
lower orders 

Bryozoans 

Common 

Brachiopods Still 
dechnmg, but 
fairly common, 
straight-hinged 
forms prevail. 

Pelecypods Still increas- 
mg 

Gastropods Common and 
first land forms appear 
Cephalopoda Sunilar to 
Mississippian, butNauti- 
loida declining and Am- 
monoids more complex 

Tnlobites Rare 
Eucrustaceans Present 
Arachnids Euryptends 
still declining, first Spi- 
ders appear 

Myriapods Common 
Insects Common and 
large, simpler types 
only 

Fishes Much like 
Mississippian, 
Amphibians Culmin- 
ate, e g Stegooepha- 
lans 

Reptiles Present’ 

Bryozoans More 
abundant than m 
the Devonian 
Brachiopods De- 
climng but still 
common and with 
many new species, 
mostly straight- 
hinged forms 

Pelecypods More com- 
mon than before 
Gastropods Common 
Cephalopoda Much like 
the Devonian, but coiled 
Nautiloids culminate 
and Ammonoids are 
more complex 

Tnlobites Rare 
Eucrustaceans’ 

Arachnids Euryptends 
declimng 

Myriapods Present 

Insects. No fossils. 

Fishes Selachians in- 
creasing, Dipnoans 
dechnmg, Arthrodi- 
rans declimng, Gan- 
oids mcreasmg 

Amphibians Present. 

Bryozoans Present 

Brachiopods Cul- 
mmate in numbers 
and species, many 
new forms added, 
mostly straight- 
hinged forms 

Pelecypods and Gastro- 
pods Much like the Si- 
lurian 

Cephalopoda Most earlier 
forms persist, but Am- 
monoids first appear, e g 
Goniatite. 

Tnlobites 

Decline markedly 
Eucrustaceans , Common 
Arachmds. Euryptends 
declining, but stul not- 
able for size 

Mynapods First known 
Insects Unknown 

Ostracoderms. Culmi- 
nate and become 
extinct 

Fishes Very profuse, 
eg Selachians, 
Dipnoans, Arthrodi- 
rans and Ganoids 
Amphibians’ 

Bryozoans. 

Abundant 

Brachiopods Prom- 
inent m numbers 
and species, nearly 
all straight-hinged 
forms 

Pelecypods and Gastro- 
pods Common and much 
like Ordovician 
Cephalopoda Common 
and much like Ordovi- 
cian, but coiled Nauti- 
loids predommatc 

Tnlobites Dimimshod 
but still common 
Eucrustaceans Similar 
to Ordovician 

Arachmds First Scorp- 
ions, Euryptends culmi- 
nate in numbers, species 
! and size (?) 

Ostracoderms Rare, 
small and pnnutive. 

[Fishes Selachians 
of pnimtive charac- 
ter and rare 

Bryozoans. 

Abundant 

Brachiopods More 
complex, larger,and 
abundant; Articu- 
lates prevail; and 
nearly all are 
straight-hmged 
forms 

Pelecypods Larger and 
more common 
Gastropods* Common 
Cephalopoda Very prom- 
inent and all are Nauti- 
loids, e.g Orthocoras, 
Cyrtoceras, Trochoceras 
and Trocholites 

Tnlobites Culmmatc in 
numbers and species 
Eucrustaceans. Few and 
simple 

Euryptends. Present 

Ostracoderms Mark- 
ing first appearance 
of Vertebrates, speci- 
mens rare and very 
fragmentary 

Bryozoans Absent 

Brachiopods Small, 
thin-shelled; Inar- 
ticulates prevail, 
some Articulates m 
the Upper Cam- 
brian 

Pelecypods* Very small 
and rare 1 

Gastropods Rare, simple 
and mostly in the Upper 
Cambnan 

Cephalopoda Rare, smaJl 
and simple; all Nauti- 

loidse g , Orthooeras and 

Cyrtoceras 

Crustaceans, Tnlobites 
common and usually 
highly se^ontod and 
xnth small tail plates, 
some very simple forms 
Euryptends Rare 

None 
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“A study of the Paleozoic faunas of North America shows that 
they were derived from three permanent oceamc realms. According 
to Schuchert, these were, m their order of persistence, the Gulf 
of Mexico mediterranean, which in reality is but the southern 
part of the northern Atlantic; the Pacific; and the Arctic. The 
faunas of the northern part of the north Atlantic were as a rule 
confined to the northeastern part of North America, though at 
times they spread into the interior basin. Pacific faunas at times 
spread completely across the continent to the foot of Appalachia. 
Ajctic waters pulsated southward along the middle region of 
the contment far mto the United States during the Ordovician 
and Silurian periods, and less positively at other times. Faunas 
from the Gulf of Mexico frequently spread far throughout the 
Mississippi Valley and Appalachian areas. They were at times 
also tinged with south European or South American forms.’^ ^ 

It seems to be a well estabhshed fact that profound changes 
in the natural environment have produced fundamental changes 
in the plant and animal realms. Thus the late Paleozoic and early 
Mesozoic was a time of one of the most profound and far-reachmg 
physical disturbances m the known history of the earth. Great 
mountains were being made in many parts of the world, particu- 
larly in eastern North America and in Europe; the lands were 
much increased in size and height; one of the two greatest known 
Ice Ages was a feature of the Permian; and the ocean waters were 
affected in various ways. These physical changes m turn caused 
climatic changes, altered habitats of plants and animals, and 
modified sources of food for the animals. Accompanying these 
changes, the giant Lycopods, Seed-fems, and Cordaites became ex- 
tinct, while higher plants, such as Cycads and Conifers, began to 
clothe the earth. Large groups of animals, such as Tetracoralla, 
Blastoids, Orthoceras, Trilobites, and Burypterids disappeared 
from the waters; Amphibians culminated; and Hexacoralla, In- 
sects, Reptiles, and Mammals made their appearance. 

It is a very significant fact, from the standpoint of evolu- 
tion of life on the planet, that very few if any species of either 
plants or animals of Paleozoic time have continued to exist to 
the present day. In other words, since the Paleozoic era closed, 
aU hfe, in regard to its myriads of species, has imdergone a practi- 
cally complete revolution. 

1 G. R. Mansfield. U S. G S , Prof. Paper 152, 1927, p. 177. 
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CHAPTER XIV 
THE TRIASSIC PERIOD 
Origin of Name, Subdivisions, Etc. 

The name '^Triassic'^ was given because of the threefold, 
extensive development of the rocks of the system where first 
studied in Germany. It so happens, however, that the German 
Triassic strata are not typical of the system, as shown by later 
studies in other parts of the world. 

The following table gives a general idea of the main sub- 
divisions in North America and Europe: 



Europe 

California 

. Colorado 
Plateau 

Massachusetts 

Upper 

Triassic 

Bhsetio 

1 

B None 

<D 

Karnie 

Swearinger 

(Shale) 

Hosselkus 

(Limestone) 

Chinle 

(Sandstone and 
shale) 

Shinarump 

(Conglomerate) 

? 

Newark 
(Conglomerate, 
sandstone, and 
shale) 

Middle 

Triassic 

Muschelkalk 

Pit 

(Shale) 

(Missing) 

Lower 

Triassic 


Shale 

in 

Inyo Mts 

Moenkopi 
(Shale and 
sandstone) 

(Missing) 


Distribution and Character of the Rocks 

General Distribution. — The accompanying map (Fig. 139) 
shows the surface distribution of both the Triassic and Jurassic 
rocks in North America. The Atlantic Coast areas are whoUy 
Triassic; the California areas are mainly Jurassic; and the remain- 
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Fig 139 

Map showing the surface distribution (areas of outcrops) of Triassic and 
Jurassic strata in North America Some areas of doubtful age and extent 
not shown in British Columbia. AH Atlantic Coast areas are Triassic. In 
much of the western Umted States the Tnassic and Jurassic have not yet 
been satisfactonly separated. (By W J M., data from two maps by 
Bailey WiUis, U. S. Geological Survey.) 




THE TRIASSIC PERIOD 


ing areas include both Tnassic and Juras- 
sic rocks which have usually not been 
carefully separated. There is no reason 
whatever to believe that Triassic rocks 
were ever deposited over Canada except 
along the western coast and to a slight 
extent in Nova Scotia. Likewise it is not 
known that Triassic rocks ever occurred 
in the Mississippi Basin except imme- 
diately east of the Rocky Mountains. 
This is in marked contrast with the Pa- 
leozoic systems. Accordingly, the present 
concealed Triassic rocks and areas of 
their former presence are largely confined 
to the regions of existing outcrops. 

Rocks of the Atlantic Coast. — These 
rocks (Newark series) are seen on the 
map to occupy comparatively small, 
narrow areas just east of and parallel to 
the Appalachian Mountain range from 
southeastern New York to South Caro- 
lina, and farther northward in the Con- 
necticut River Valley and in Nova Scotia. 
In the northern areas the rocks are 
sandstones and shales, with some coarse 
conglomerates, especially at the base. 
Because of their prevailing red color and 
general resemblances to the “Old Red 
Sandstone (Devonian) of Scotland, they 
have been called the “New Red Sand- 
stone.” Many of the beds show sun- 
cracks, raindrop pits, ripple-marks, and 
footprints, and remains of land Reptiles 
(Dinosaurs). In Virginia and the Caro- 
linas the rocks have a similar lithologic 
character, though the red color is not so 
common, and some workable coal beds 
occur. The fossils, which are mostly 
plants in the dark shales, pomt to the 
Upper Tnassic age of the Newark series. 


Fig. 140 

Structure section across the Tnassic Basin of the Connecticut Valley near Northampton, Massachusetts, showmg 
the tilted and faulted character of the rocks Strike of the section, northwest Length of section, about 40 
mdes P = Paleozoic schist; G = late Paleozoic granite, T = Triassic strata, with sheets of lava (black layers). 
(From the author’s “ Geological History of the Connecticut VaUey of Massachusetts.”) 
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The rocks of the series are nearly everywhere somewhat folded, 
tilted, and extensively fractured by normal faults, and they 
also contain numerous lava flows, intrusive sheets, and dikes of so- 
called trap rock (diabase) (Figs. 140, 141). A remarkable feature 
is the great thickness of the rocks m these narrow belts, fully 3000 
feet m Virginia; 7000 to 10,000 feet in the Connecticut Valley 
and 10,000 to 15,000 feet m New Jersey. 

Rocks of the Western Interior. — The Triassic strata of the 
western interior region are distributed over nearly the same areas 



Fig 141 

Tilted Triassic shale and sandstone in the Connecticut Valley, 
near Holyoke, Massachusetts. (Photo by the author ) 

as the Permian, and in many places the rocks of these two systems 
are not at aU sharply separated. All the known Tnassic rocks of 
the western mterior of the United States are located within the 
cross-lined area on map Fig. 144. They are much like the Permian 
of this region, but they are even more typical of the so-called 
^'Red Beds.” Sandstone and shale, with some conglomerate, 
limestone, and g3rpsum, are the predominant rocks. Some of these 
rocks are of restricted manne origin, but most of them are of either 
salt-lagoon or terrestrial origin. Their thickness varies from a few 


System 

Kmd of Rock 

Columnar Thickness 

Section in Feet 

Ohgocene 

sand and gravel 

25-150 


Jurassic 



gray shale 
limestone 


dark 

shale 

and 

sandy-shalc 


red and buff 
sandstone 

gray and buff 
shale 


red and buff 
sandstone and 
shale 




Tnassic 

red shale 
and gypsum 


Permian 

hmestone and 
red sands 




white sandstone 
Pennsylvanian gray to red 
limy sandstone 


red shale 


gray 

limestone 


Ordovician pink hmestone 


_ , shale 

Cambrian sandstone 


Pre-Cambnan schist, gramte 


325-590 




80 


100-300 
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hundred feet in the eastern part of the western interior to 2500 feet 
or more m Utah and Anzona. The Tnassic strata are locally 
much folded in the mountains, but over wide areas they are 
nearly horizontal. 

Triassic rocks are wonderfully and widely exposed in the Colo- 
rado Plateau where the nearly horizontal strata he from 5000 
to 10,000 feet above sea level. Because of their high degree of 
sculptunng and coloring, as in the Painted Desert of Arizona, 



Fig 143 

Steep-dipping Triassic shale and limestone (bold outcrops) 
m the Inyo Mountains, near Keeler, Califorma. (Photo 
by A R Whitman ) 

they form a striking feature of the landscape. The Triassic 
formations of the Colorado Plateau (see preceding table) are a 
variable assemblage of shale, sandstone, conglomerate, Hmestone, 
and gypsum, reachmg a total thickness of 2000 to 3000 feet. 
Petrified wood is abundant, as in the Petrified Forest of Arizona. 

Rocks of the Pacific Coast. — These include the only true 
marine Triassic rocks of North America, and they are there exten- 
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sively developed with practically aU portions of the system from 
oldest to youngest well represented, particularly m California and 
Nevada. The rocks consist mostly of shales, slates, limestones, 
conglomerates, and sandstones, usually several thousand feet thick 
with a maximum thickness of 13,000 feet in British Columbia. 

In Cahfornia, southern Alaska, and British Columbia the sys- 
tem contains great quantities of igneous material, mainly lavas 
and tuffs. 

In central-eastern Califorma (Inyo Mountains) Lower and 
Middle Triassic shales and hmestones 1500 feet thick are overlain 
by Upper Triassic shales and tuffs 5000 feet thick. In northern 
California the Lower Triassic seems to be missing, but Middle 
Triassic shale and Upper Triassic limestone and shale reach a 
thickness of several thousand feet. 

In southeastern Idaho, Lower Triassic only occurs and this 
consists of several thousand feet of shale, limestone, and sand- 
stone. 

Thickness of the System and Igneous Rocks. — Figures show- 
ing the thickness of the system in different parts of the continent 
have already been given. Volcanic rocks are abundant in the 
Triassic of British Columbia, southern Alaska, California, and also 
in the Newark senes of the Atlantic Coast, the last named bemg 
again referred to below. In British Columbia Triassic lavas and 
volcanic ashes are often several thousand feet thick, reaching a 
maximum of possibly 10,000 feet. 

Physical Histoey 

Atlantic Coast. Basins of Deposition, — Accompanying map 
Fig. 144 shows the areas of continental deposition in eastern 
North America during Upper Triassic time. These were all in the 
general Appalachian region. The non-marine formations (Newark 
series) of Upper Triassic age clearly show by their distribution and 
mode of occurrence that they were deposited in a series of long, 
troughlike basins. Because these troughs were situated between 
two great land masses — Appalachia and the newly formed Appa- 
lachians — the conditions were very favorable for rapid accumula- 
tion of thick deposits in them. The great thickness of the strata 
(maximum, 2 miles or more) strongly points to a subsidence of the 
basin floors while the deposition was in progress. Most of the 
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rocks are well stratified. The generally red color and freshness 
of the material in the formations indicate that the climate of the 
time was and or semi-arid, and the presence of sun-cracks, ripple- 
marks, and tracks of land animals at many horizons show that 



PaJeogeographic map of Nortk America durmg Late Triassic time White 
areas, land; ruled areas, sea; cross-ruled areas, partly marme and partly 
continental; black areas, continental deposition (Principal data, modified 
by the author, from maps by B. Wilhs, C Schuchert, and E B. Branson ) 

the beds were laid down in part on land, but mostly under shal- 
low water, such as flood-plains and playa lakes, where frequently 
changing conditions often allowed the surface layers to lie ex- 
posed to the sun. The Newark series generally consists of three 
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formations — a very coarse conglomerate and conglomeratic sand- 
stone upon which he m turn sandstone and shale formations. 

A conception of the origin and filling of the Triassic basins 
may be gamed from the following statements which were written 
in regard to the Connecticut Valley of Massachusetts. By the 
openmg of Late Tnassic time the great, new mountains of eastern 
North America had been considerably reduced by erosion. Then a 
sinking of the basin area began. ^^At first the sinking of the 
basin floor was probably a slow down-warping process such as is 
known to have taken place in many districts during geological 
time. This original down-bending of the Triassic Basin is best 
explained as a contmuation (or renewal) of the Appalachian Moun- 
tam folding, this view being supported by the fact that all of 
the Tnassic basins of sedimentation from Nova Scotia to North 
Carolina follow exactly the trend of the Appalachian folds. As 
the trough sank the adjacent lands were rejuvenated by elevation. 
Streams entering the basin from the growing highlands were re- 
newed in activity, and they carried loads of coarse material 
which accumulated on the floor of the low-level basm. The load 
of accumulating sediments probably aided or accentuated the 
down-bending process The great thickness of the very coarse 
materials, especially along the sides of the basin, leads to the 
conclusion that the margms of the basin must have been high 
and very steep durmg the whole time of the deposition of these 
materials, else the streams would not have been swift enough to 
transport the coarse debris. Such very steep valley-sides could 
not, however, have resulted from simple down-warping. More than 
likely, therefore, normal faults developed on the sides of the 
subsidmg, filling basin, and the subsidence was then largely 
a more or less intermittent sinking of the fault-block. The 
present-day structure of the valley is that of a sunken fault- 
block made up of minor tilted blocks (Fig. 140). 

Footprints of Reptiles, — Remarkable Reptiles of Triassic time, 
known as Dmosaurs, left numerous footprints on exposed mud- 
flats in various places. In many cases the tracked surfaces, 
after drying in the sun, were covered by the deposits left by 
succeeding flood waters. Such tracks are found here and there 
through thousands of feet of strata, particularly in the Connecti- 

^ W. J. Miller: Geological History of the Connecticut Valley of Massachusetts, 
1921, pp. 36-37, 
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cut Valley, Outcrops of these footprint-bearing strata are fine 
illustrations of the remarkable detail m which some geological 
records may be preserved. An excellent outcrop, about 30 by 150 
feet in size, may be seen close to the road a few miles north of 
Holyoke, Massachusetts, Dozens of tracks, made by several sizes 
and species of two-legged Dinosaurs, may be seen in an amazing 
state of perfection on the surface of this ledge. The tracks, 
which are three-toed, range in length from 3 to 16 inches (Figs, 152, 
153), Ripple-marks, and even raindrop impressions, also occur. 

Volcanic Activity. — During the time of the formation of the 
Newark beds, there was considerable igneous activity, as shown by 
the occurrence of sheets of igneous rocks withm the mass of sedi- 
ments. In some cases true lava flows with cindery tops were poured 
out on the surface and then became buried under later sediments, 
while m other cases the sheets of molten rock were forced up either 
between the strata or obhquely through them, thus provmg their 
intrusive character. As a result of subsequent erosion, these igneous 
rock masses often stand out conspicuously as topographic features. 
Perhaps the most noteworthy of these is the great igneous rock 
sheet, part of which outcrops to form the Palisades of the Hudson 
River, and which altogether outcrops for a distance of 70 miles. 
The molten rock first broke through the strata and then crowded its 
way along parallel to them. Another fine example is the so-called 
Holyoke Range of Massachusetts (Fig. 145) regarding which Emer- 
son says: The accumulation of sediments was interrupted by an 
eruption of lava through a fissure in the earth^s crust, which opened 
along the bottom of the basin. The lava flowed east and west on 
the bottom of the bay, as tar oozes and spreads from a crack, and 
sohdified in a sheet which may have been 2 or 3 miles wide and about 
400 feet thick in its central part. This is the main sheet or Holyoke 
diabase.” 1 In both regions just mentioned, the contraction of the 
cooling masses often expressed itself by breaking the rock into great 
and small, crude, nearly vertical columns, and hence the applica- 
tion of the term “ palisades.” The steep mountain sides or cliffs are 
due to the fact that the hard igneous rock is much more resistant to 
weathermg and erosion than the sandstone above and below it 
(Fig. 145). 

Western Interior. — In Early Triassic time the Pacific waters 
spread eastward in the form of a wide gulf over much of Nevada 
1 B. K. Emerson: U. S. G. S , Holyoke Folio No. 50^ p. 3. 
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and to the western border of South Dakota and the northwestern 
corner of New Mexico. During most of the Middle Tnassic, 
Nevada was still submerged under the sea, but the rest of the 
western interior was land, probably receiving continental deposits 
here and there. Late Triassic time was marked by the develop- 
ment of a great basin covering a large part of the western interior 
region. This basin seems to have been a more or less cut off arm 
of the sea, connected with the Pacific across southern Nevada 



Fig 145 


The steep western front of the Holyoke Range as seen from 
Easthampton, Massachusetts The upper portion is 
columnar lava of Triassic age, and this rests upon Tri- 
assic red sandstone (Photo by the author ) 

(see Fig. 144). Very typical Red Beds, indicating aridity of 
climate, were extensively developed in this basin. Modified ma- 
rine, great salt lagoon, salt lake, and even terrestrial conditions 
seem to have prevailed from time to time in this basin. 

Pacific Coast. — Viewed broadly, there was a progressive sub- 
mergence of much of the Pacific Coast of North America during 
Triassic time. Early in the period most of California and Nevada 
were submerged under the sea; in the middle of the period there 
was added a wide embayment over much of British Columbia and 
the southern end of Alaska; and in the Upper Tnassic almost the 
whole Pacific Coast area from central Lower California to south- 


234 


HISTORICAL GEOLOGY 


western Alaska was under the sea. There was probably also a 
connection with the Arctic Ocean across eastern Alaska. Map Fig. 
144 shows the extent of the greatest North American Triassic sea. 

In eastern and northern California, western British Columbia, 
and southern Alaska submarine volcanic activity took place on 
a tremendous scale m later Triassic time as proved by the direct 
association of thousands of feet of lavas and tuffs with marine 
strata. 

Close of the Triassic. — The Triassic closed in eastern North 
America with crustal disturbances which raised the basins of dep- 
osition of the Newark series into dry land, and broke the strata, 
and associated lavas and intrusive sheets, into a great series of 
tilted fault-blocks, thus leaving aU of the eastern half or two-thirds 
of the continent dry land and undergoing erosion. 

In the western interior the geographic conditions toward the 
close of the Triassic are as yet more doubtful because scarcity of 
fossils renders a separation of possible Jurassic strata from Triassic 
imcertain. The best evidence, however, points to continual deposi- 
tion of “Red Beds^' over much of the region. 

There seems to be clear evidence that marine waters withdrew 
from the Pacific Coast region during latest Triassic time. 

Foreign Triassic 

Europe. — As in America, so in Europe, the Triassic shows 
considerable development of both continental and marine facies. 
The Bunter series (1600 to 1800 feet thick) of Germany consists 
chiefly of red beds, such as sandstones and shales, with some salt 
and gj^sum, clearly mdicating deposition under arid climate con- 
ditions much like the western interior of the Umted States at the 
same time. The Muschelkalk of Germany is mostly a marine 
limestone formation up to 1000 feet thick, thus showing the pres- 
ence of marme waters over the region, probably as an arm of the 
sea, similar to the Baltic Sea, as the fossils suggest. During part 
of this tune, at least, salt lake conditions were restored as indicated 
by gypsum and salt m the midst of the series. During Keuper 
time conditions of deposition were much as during the Bunter, 
though marine waters again transgressed the area toward the close 
of the Triassic. 

In England, much of eastern Russia, and western and southern 
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Spain, Triassic strata essentially like those of Germany are well 
developed. 

In middle southern Europe the marine facies is widely devel- 
oped, being mostly limestone (often dolomitic) and shales. The 
rugged peaks of the famous ''Dolomites^' or Tyrolean Alps have 



Eig. 146 

Sketch map showing the relations of land and water m Europe during Upper 
Triassic time. White areas, land; ruled areas, sea (Modified by the 
author after F X Schaffer ) 

been carved out of this comparatively resistant dolomitic lime- 
stone, much of which was of Coral-reef origin. 

Map Fig. 146 gives a good idea of the relations of land and 
water in Europe during Late Triassic time. 

Other Continents. — The marine facies of the European Tri- 
assic continues eastward through much of southern Asia, there 
being an unusually fine development of the system in the Hima- 
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layas. Triassic rocks, sometimes of continental ongm, also occur 
in other parts of Asia as in Japan and eastern Siberia. 

Triassic rocks are also known m Australia, New Zealand, north 
and south Africa, and South America, with coal-beanng strata in 
Argentina and Chile, and marine strata m the Andes. 

Climate 

The extensive areas of “Red Beds,” often accompanied by 
salt and gypsum, in the western interior and eastern North Amer- 
ica, northern and western Europe, and northern Africa show wide- 
spread aridity of climate in the northern hemisphere during the 
period. There is no evidence of glaciation, and the fossils indicate 
general mildness of climate, except at the close of the period when 
the temperature was distinctly lower than usual. Judging by the 
character and distribution of the fossils, the water of the Arctic 
Sea was appreciably cooler than that of lower latitudes, so that 
climatic zones must have been defined to some extent at least. 

Economic Products 

Coal beds of some commercial value occur in the Triassic rocks 
of Virgima and North Carolma. 

Enormous quantities of sandstone (the so-called “Triassic 
Brownstone”) for building purposes have been quarried from the 
Newark senes, especially m the Connecticut River Valley. 

Gypsum of Triassic age is quarried in some of the western 
states. 

Some copper deposits occur m Triassic rocks of California and 
Alaska. 


Life of the Triassic 

The physical revolution which closed the Paleozoic ora was 
accompanied by one of the most profound changes in organisms 
m the earth’s history, and hence we may expect the life of the 
Triassic to have been very notably different from that of preceding 
time. Some types of animals and various types of plants continued 
from the late Paleozoic, but the general aspect of Triassic life was 
distinctly more modem than that of the Paleozoic. In spite of 
this comparatively rapid evolutionary change in both fauna and 
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flora, enough connecting links are known to make sure that the 
Mesozoic animals and plants were derived from the Paleozoic. 

Plants. — Triassic plants have not left us a very abundant 
record. The rather widespread aridity of climate doubtless 
hindered a luxuriant growth, over wide areas at least. 


Among the simple 
plants (Thallophytes) the 
calcareous Sea-weeds^ 
that is those which had 
the power to secrete 
limy skeletons, were es- 
pecially common. 

Among Ptendophytea 
the Ferns and their allies 
were still important; the 
Eqmsetoe were fairly 
common, though much 
more like the existing 
forms except for their 
greater size; and the 
Lycopods were reduced 
almost to extinction, 
even the few hngering 
Sig%llar%ans having 
finally disappeared with 
this period, so that the 
Lycopods will not again 
call for special mention. 

Gymnosperms were 
the dominant types of 
plants of the Triassic, 
just as Pteridophytes 
had been the dominant 



Fig 147 


Parts of a Tnassic Conifer, Voltzia hetero- 
phyUa (After Fraas from Scott's “Ge- 
ology?” courtesy of The Macmillan Com- 
pany ) 


plants of the later Paleozoic. The Cordaites were greatly reduced 
and they became extinct during this period. Cycads and their 


allies and the Conifers (Fig. 147), however, were the most common 
larger elements of the flora. Fig. 160 gives a good idea of a mod- 
em Cycad, though it must be understood that such plants are 


today relatively unimportant in spite of the fact that more than 
a hundred species are known. 
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Not only because the Cycads of Mesozoic (especially Triassic 
and Jurassic) time were so profuse in numbers and in variety of 
species, but also because they were remarkably widespread over 
the earth, the Mesozoic era has sometimes been called the '^Agc 
of Cycads.’’ Cycads varied much in size from small palmlike forms 
to trees 40 to 60 feet high and several feet in diameter. From 
the standpoint of evolution, it is important to note that much 



Fig. 148 

Sections of petrified tree-trunks weathered out of Triassic strata in the 
Petrified Forest of Arizona. (Photo by G. P Merrill, U. S National 
Museum ) 

evidence leads to the conclusion that the earlier Mesozoic Cycads 
were the progemtors of the highest of all classes of plants — the 
Angiosperms. The Conifers, in marked contrast to this history, 
have not given nse to any higher group of plants. 

It is generally stated that the plants of the Triassic, except 
toward the close of the period, in both Europe and America pre- 
sented a stunted or dwarfed appearance on account of unfavorable 
(chiefly climatic) environment. Such an impoverished condition of 
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Triassic plants was at least not universal, for as Knowlton says: 

In North Carolina, Virginia, and Arizona there are trunks of trees 
preserved, some of which are 8 feet in diameter and at least 120 
feet long, while hundreds are from 2 to 4 feet in diameter. Many of 
the Ferns are of large size, indicating luxuriant growth. 

The remarkably petrified trees found m such abundance and 
beauty m the Triassic strata of the Petrified Forest of Arizona 
represent mainly Comfers, which grew to 
be several feet m diameter and fully 150 
feet high (Fig. 148). 

Invertebrates. — Among the Corals, 
for the first time, the Hexacoralla, or 
forms of modem aspect, became abun- 
dant, while the ancient (Paleozoic) Tetra- 
corolla dwindled away to extinction. 

Cnnoids were common, the more 
ancient types havmg given way to those 
of more modern aspect. 

Echtnoids (Sea-urchins) were common, 
though most of the dominant Paleozoic 
types were gone and all were forms of 
regular shape. For the first time the 
Echmoids were more prominent than the 
Crinoids. 

Brachiopods showed two important 
changes, namely (1) a great reduction in 
number of species and of individuals, and (2) the shells with 
straight-hinge lines becoming subordinate to those with curved- 
hinge hnes for the first time, a common genus (Terebratula) of 
the latter being represented by a Cretaceous form in Fig. 184. To 
the present day the Brachiopods never again became conspicuous 
elements of the fauna. In spite of the important changes, a 
few of the Paleozoic genera survived the transition to the Mes- 
ozoic. 

Mollusks included the most abundant invertebrate ammals 
of the period, all of the well-known classes having been prominently 
represented. 

Pelecypods were more numerous and diversified than ever be- 
fore. They vastly outnumbered the Brachiopod bivalves. Certain 
1 F. H. Knowlton: Jour. Geol,, Vol. 18, 1910, p. 106. 



Fig 149 


A Triassic Ceratite, Cer<z- 
titea trojanuSj with part 
of shell removed to show 
suture structure. (After 
J P. Smith, shghtly 
modified by accentua- 
tion of sutures ) 
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still existing genera were introduced so that many forms were of 
decided modern appearance. 

Gastropods, Several Paleozoic genera existed for the last time, 
and certain more modern types appeared. 

Cephalopods, Among the NauHloids the straight-shelled form 
(Orthoceras) , known from the very early Paleozoic, became ex- 
tinct in the Triassic, while the coiled forms were still common and 
much hke those of later Paleozoic time. 

Among the Ammonoids an evolutionary fea- 
ture of particular interest was the development 
of still greater complexity of shell structure. 
Goniatite-like forms still persisted, but, even 
early in the Triassic, forms with shghtly serrated 
sutures or partition structures (e.g. Ceratites, 
Fig. 149) appeared. Later in the period repre- 
sentatives of the most complex of all known 
chambered Cephalopods, that is the Ammonites, 
appeared (see Fig. 166). 

Another important advance among the Ceph- 
alopods was the first appearance of the Dihranchs, 
which include the highest of all Mollusks. Of 
these Dibranchs perhaps the most characteristic 
belonged to a group known as Belemmtes (see Fig. 
169), though these were not abundant. A fuller 
discussion of the Dibranchs will be given m the 
next chapter. 

Among Crustaceans neither Tnlobites nor 
Eurypterids, so important in the Paleozoic, con- 
tmued mto the Mesozoic, but the Eucrustaceans 
showed a notable advance by the first appearance of the so-called 
long-tailed Decapods (Macrura) or Lobster family, which rank 
among the highest of all Crustaceans (Fig. 150). 

Insects also showed distinct progress by the addition of the 
Beetle tribe, which ranks next to the highest of all insects. 

Fishes. — Selachians, Dipnoans, and Ganoids (Fig. 151) all 
continued with the Ganoids predominant. Teleosts had not yet 
appeared. 

Amphibians. — Though somewhat diminished as compared with 
the later Paleozoic, the Amphibians were still numerous and often 
notable for their great size. In general they were much like the 



Fig 150 

A Triassic long- 
tailed Macni- 
ran Decapod, 
Pemphix Svr- 
eum (From 
Naumann ) 
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Fig 151 

A Ganoid, Catopterus redfieldi, from the Triassic sandstone of Connecticut. 
(After Newberry, U S Gfeological Survey, Monograph 14 ) 


late Paleozoic forms. Mastodonsaurus attained a length of 15 or 20 
feet and had a skull 4 feet long. The Hunter series of Germany is 
particularly rich in fine fossil Amphibians. By the close of the 



Fig 152 

Tracks of a small two-legged Dmosaur on a slab of Triassic 
sandstone from the Connecticut Valley. The tracks are 
about 4 inches long. (Photo by the author ) 

Tri^tssic the Amphibians had declined remarkably, so that among 
the land Vertebrates, of which they were the ancestors, they never 
p-gain assumed a position of importance, 
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Fig 153 


Tracks of a large two-legged Dinosaur on Tnassic sandstone from the Con- 
necticut Valley, showing how both feet slid some distance in the soft ma- 
terial after which the creature suddenly sat down, the end of the backbone 
havmg left a distinct impression. (After Edward Hitchcock.) 

Reptiles. — Because of the great abundance, size, and variety 
of Reptiles, the Mesozoic era is often called the Age of Reptiles.’^ 
Even in the Tnassic most of the more important and interesting 
now extinct groups had appeared, such as the swimming Reptiles 
(eg. Enahosaurs)] walking Reptiles (e.g. Dinosaurs; and flying 
Reptiles (e.g. Pterosaurs). Since these remarkable reptilian forms 
reached their climax of development later in the Mesozoic, a fuller 
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discussion will be reserved for a subsequent chapter. In passing, 
however, it may be mentioned that Dinosaurs, often of great size, 
were the creatures which left the numerous footprints up to 15 or 
18 inches in length m the Newark sandstone of the Connecticut 
Valley (Figs. 152, 153). 

Of the more modem reptilian forms, the Turtles and Lizards 
made their first appearance, the latter only m late Tnassic time, 
but none of them became common. 

Mammals. — Another very important step in the development 
of animal hfe was the introduction of Mammals in the Tnassic 
period. Although Mammals include the most highly developed of 
all animals, their earliest representatives (in the Triassic) were 
very small, primitive types, apparently not very numerous, thus 
scarcely suggesting their later (Cenozoic) development mto the 
manifold and most powerful and mtelligent creatures of the earth. 
Only a few genera are known from the Triassic, and in fact Mam- 
mals continued to occupy a very subordinate position throughout 
the Mesozoic era. 

According to Schuchert, ^Tt is one of the most striking general- 
izations of Paleontology that the upweUing of future organic rulers 
begins in unobtrusive small forms. In aU stocks of plants and 
animals such potential rulers are always present This was dis- 
tinctly true of the Fishes, Amphibians, Reptiles, and Mammals. 



CHAPTER XV 


THE JURASSIC PERIOD 
Origin of Name, Subdivisions, Etc. 

The rocks of Jurassic age are of peculiar interest because they 
comprise one of the very first systems whose subdivisions were 
carefully determined by the use of fossils, this work having been 
done in England about one hundred years ago by William Smith, 
who is often called the father of historical geology. Smith applied 
the name “Oolitic’^ to the system because of the common occur- 
rence of so much oohtic limestone, but this term later gave way to 
the term Jurassic,^’ so called from the Jura Mountains, between 
France and Switzerland, where the rocks of the system are un- 
usually well exhibited and have been much studied. In Germany, 
too, much study has been devoted to this system, largely because 
of the abundance of well-preserved and interestmg fossils. 

In western North America, where the only undoubted Jurassic 
strata occur on this continent, the subdivisions of the system are 
not so well known and correlated, so that various more or less local 
formation names are still employed The following table gives a 
summary of the principal subdivisions for four important regions. 

Distribution and Character of the Rocks 

General Distribution. — Differing from all preceding systems, 
rocks of undoubted Jurassic age are wholly confined to the western 
part of the contment. On map Fig. 139 the considerable areas 
shown in California and western Nevada are mostly Jurassic rocks. 
Some areas are also definitely known m southern Alaska and in 
western Oregon. In the western interior numerous small areas 
of mostly Upper Jurassic rocks only are known from northern 
Arizona and northwestern Colorado northward through Idaho, 
Wyommg, western South Dakota, and Montana. Rocks of Upper 
Jurassic age also quite certainly occur in western British Columbia 
east of the Cascade Mountains. 
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As compared with all preceding systems smce the early 
Paleozoic, rocks of the Jurassic system are the least extensively 


developed on 

the continent. 
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Character of the Rocks. Pacific Coast. — The Jurassic strata 
of the Pacific Coast, from southern California to southwestern 
Alaska, are largely of marine origin. Various kinds of strata are 
represented, and these are usually moderately metamorphosed. 
Dark slates are perhaps the most common. The strata are nearly 
everywhere closely associated with igneous material, this being 
particularly true m British Columbia where the Jurassic system is 
unusually thick — 8000 to 18,000 feet — and volcanic rocks con- 
stitute about one-half of it. 

One of the best Jurassic sections is m the Taylorsville re- 
gion of northeastern California where about 6000 feet of non- 
metamorphosed marine strata and associated volcanic rocks have 
been subdivided into a number of formations as listed in the 
preceding table (Mariposa slate excepted). 

In the Coast l^nge and Sierra Nevada Mountains of California 
the extensively developed Jurassic rocks are usually more or less 
metamorphosed and folded, being known as the Franciscan senes 
in the Coast Range and the Mariposa slate in the Sierra Nevada. 
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Western Interior. — In the western interior of the continent, 
Triassic and Jurassic strata often have not been satisfactonly 



separated, but extensive Red Beds (with 
gypsum) of continental origin, like those 
of the Triassic system of the region, are 
doubtless of Jurassic age. A good idea of 
the character and order of these rocks 
may be gamed from the formations listed 
under the Colorado Plateau m the preced- 
ing table. These formations reach a com- 
bmed thickness of 2000 to 3000 feet. In 
the walls of Zion Canyon, Utah, a con- 
tinental formation of nearly horizontal, 
massive sandstone over 2000 feet thick 
is wonderfully exposed. It is red in its 
lower portion, and white m its upper por- 
tion (Fig. 155). The lower part of this 
great formation may possibly belong to 
the Triassic. 

The only known true, marine, Jurassic 
strata in the western interior are of Upper 
Jurassic age. These marine rocks, which 
comprise all types of ordinary sediments, 
especially limestones and shales, are usually 
highly folded or tilted in the Rocky Moun- 
tains, Wasatch Mountains, Black Hills, 
etc., and hence are there generally exposed 
only in narrow belts. The greatest thick- 
ness of these rocks in the western intenor 
seems to be several thousand feet in south- 
eastern Idaho and western Wyoming where 
they constitute the Twin Creek formation. 
Elsewhere the marine strata are seldom 
more than a few hundred feet thick. All 
of the Upper Jurassic marine strata of the 
western interior of (,the continent occur 
within the area represented as having been 
occupied by sea water on map Fig. 156. 


Overlying the marine Jurassic in the western Great Plains region 


there is a very late Jurassic formation (Morrison) of continental 
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origin and remarkable because so many remains of great Reptiles 
have been found in it. 

Thickness of the Jurassic. — The thickness of the system in 
California is known to reach fully 6000 feet, while in western 
Nevada 5000 to 6000 feet of limestones and slates are reported. 
In Alaska a maximum thickness of 15,000 feet has been found, and 
in British Columbia, 18,000 feet. Throughout the western in- 



Fig 155 

Jurassic sandstone (red below and white above) over 2000 feet thick 
in the walls of Zion Canyon, Utah Bottom portion may be 
Tnassic. (Photo by the author ) 

terior the thickness never appears to be great, usually not more 
than a few thousand feet. 

Igneous Rpcks. — Tremendous bodies of granite have been 
intruded mto rocks as young as the Late Jurassic (Mariposa) slates 
on the Pacific Coast, particularly in California. These intrusions 
occurred toward the close of the Jurassic period, as an accom- 
paniment of the Sierra Nevada Revolution (see beyond). Granite 
of this age is wonderfully exposed in the walls of Yosemite Valley, 
Califorma (Fig. 157). 

Mention has already been made of the occurrence of vast 
amounts of volcanic rocks in the Jurassic system of the Pacific 
Coast. 
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Physical Histokt 

Pacific Coast. — The Pacific Coast region of North America 
seems to have been above sea level in earhest Jurassic time. Then 
the waters encroached upon the land, covering most of California, 



Fig 156 

Paleogeographic map of North America during early Upper Jurassic time 
White areas, land, ruled areas, sea. (Principal data, modified by the 
author, from maps by B Wilhs and C Schuchert ) 

western Nevada, southern Oregon, western British Columbia, and 
the frmge of southern Alaska. Barring relatively minor changes, 
the marine waters became more extended until they reached the 
climax for the period. This was in Late Jurassic time when al- 
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most the entire Pacific Coast from southern Cahfomia to south- 
western Alaska was submerged, as shown on map Fig 156. At this 
same time eastern Mexico was also submerged. As m the Triassic, 
tremendous volcamc action, mostly of submarine character, took 
place, especially m the western British Columbia area. By the close 
of the period the sea withdrew from the whole Pacific Coast region. 

Western Interior. — During Early and Middle Jurassic time 
there was deposition of more or less Red Beds material over the 
central portion of the western interior, especially m the states 
of Wyoming, Colorado, Utah, northern Arizona, and northern New 
Mexico. These rocks are excellently exposed m the Colorado 
Plateau where they are usually 2000 feet or more in thickness. 
Some of the prmcipal formations are hsted m the preceding table. 

An important change occurred in the Late Jurassic, namely, 
the spreading of a shallow sea southward from the Arctic Ocean 
to the east of Alaska to central Arizona and New Mexico. This 
arm of the sea, or great mediterranean, was 600 miles wide m the 
western interior of the United States, and considerably narrower 
in Canada as shown on map Fig. 156. Some of the prmcipal forma- 
tions are the Sundance and Twin Creek of the Wyommg region, and 
the unnamed formation m the Colorado Plateau, all of which are 
rich in fossiliferous hmestone. 

Well before the close of the period, the interior sea vanished, 
and renewed Red Beds deposition occurred. Among these conti- 
nental formations are the Morrison and McElmo, each several 
hundred feet thick. 

Eastern North America in the Jurassic. — No Jurassic strata 
now occur in the eastern two-thirds of North America and we have 
no evidence that any ever were deposited there, hence that vast 
area was dry land undergoing erosion during the whole period. The 
period was ushered in by a considerable upwarping of the Atlantic 
border accompanied by some faulting and tiltmg, particularly of 
the Triassic (Newark) rocks, as shown in Fig. 140. That this up- 
lift actually occurred, and that the Jurassic period in the eastern 
Umted States was a time of extensive erosion, is well established, 
because the whole Atlantic seaboard, including the tilted and 
faulted Triassic strata, was worn down toward the condition of a 
peneplain and the next sediments (Lower Cretaceous) were de- 
posited upon the eastern portion of that worn-down surface. For 
instance, on Staten Island and in northern New Jersey, the Lower 
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Cretaceous beds may be seen resting directly upon the deeply 
eroded Triassic rocks, and hence the proof is conclusive that during 
much, if not all, of the Jurassic period active erosion was taking 
place, and this m turn implies that the Tnassic beds were well 
elevated m the early Jurassic. 

Close of the Jurassic (Sierra Nevada Revolution). — The 
close of the period witnessed profound geographic changes in the 



Fig 157 

A great outcrop of Late Jurassic massive granite m El Capitan, 
Yosemite Valley, Califomia (Photo by the author.) 


western part of the continent. During both the Triassic and 
Jurassic periods, as well as throughout much of Paleozoic time, 
there had been more or less contmuous deposition of sediments on 
the Pacific slope over the sites of the present Sierra, Cascade, and 
Coast Range Mountains. Toward the close of the Jurassic period 
these thick sediments, particularly in the Sierra region, were 
subjected to a tremendous force of lateral compression, the strata 
being upheaved, folded, and crumpled (Fig. 154). Thus the Sierra 
Nevada Mountains of Califomia were borne out of the ocean and 
the Pacific shore line was transferred to the western base of the 
newly formed range. The Sierra Nevada Mountains, in this their 
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youth, were most likely a lofty range, but they were later much 
worn down by erosion, their present great altitude having been pro- 
duced by later (Cenozoic) movements. Accompanymg the orogenic 
movements, the deeply buried sediments were metamorphosed and 
the vast quantities of granite were probably intruded at the same 
time, this granite being now exposed to view only because of pro- 
found subsequent erosion. As a result of the metamorphism the 



Fig 158 

Late Jurassic (?) jointed granite weathering under desert conditions 
m the Pmto Mountains, Riverside County, California. (Photo 
by the author.) 


thick Mesozoic shales were converted into the hard (Mariposa) 
slates. 

The best evidence indicates that this orogenic disturbance also 
affected the strata of the Humboldt and other ranges of western 
Nevada; the mountains of southern California; the Klamath 
Mountains in northwestern California; and the Cascade Mountain 
region through Oregon and Washington, and, to some extent, even 
British Columbia. It is perhaps not too much to say that the whole 
Pacific Coast of the United States was more or less profoundly 
affected by the Sierra Nevada Revolution, 
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The strata then occupying the site of the present Coast Ranges 
were somewhat deformed, but probably only enough to form a 
cham of islands or a very low mountam range. This is proved by 
the fact that Lower Cretaceous strata are found resting uncon- 
formably upon the deformed Jurassic rocks. The orogemc move- 
ments which produced the Coast Range Mountains as we now see 
them came later. 

The great arm of the sea or gulf which spread over the western 
interior region late m the Jurassic was drained as a result of these 
crustal disturbances. Hence we learn that all of North America 
was dry land at the close of the Jurassic period. 

Foreign Jurassic 

Europe. — The marine transgression which, in Late Triassic 
tune, resulted in the submergence of the great salt lakes and other 
basins of central and western Europe, continued into the Jurassic. 
Even in the early (Lias) part of the period the sea covered consider- 
able areas in western, central, and southern portions of the con- 
tinent. The strata are mostly typical shallow sea sediments, 
though some coal-forming swamps existed around the sea borders 
in central Europe. These Early Jurassic strata are usually con- 
formable upon and not sharply separated from the underlying 
Triassic 

A progressive marine transgression contmued through the 
middle of the period and well toward its close, extending farther 
and farther eastward, till much of the contment was submerged, 
as shown by Fig. 159. This was one of the greatest marine trans- 
gressions in the known geological history of Europe. As would be 
expected, the strata of later Jurassic age contain much more lime- 
stone than those of the earher part of the period, because of the 
more widespread clear water areas. Durmg all this time the great 
series of oolites were formmg in England and the famous Solenhofen 
lithographic limestone was being deposited in southern Germany. 

Just before the close of the period a considerable retrogression 
of the sea set in, draining certain areas and leaving lakes or estu- 
anes in certain other places. 

Other Continents. — Jurassic marine strata are known in 
many places m Arctic lands, thus showing extensive sea waters 
of that time there. 
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A great marine transgression also affected Asia, so that exten- 
sive areas of the continent became submerged, except mostly in 
the central portion. Widespread Jurassic deposits are known in 
Asia Minor, Siberia, India (especially the Himalayas), Persia, 
Turkestan, and Japan. 

Jurassic rocks are also known m northern and eastern Africa, 
western South America, Australia, and New Zealand. 



Sketck map showing the relations of land and water in Europe during Late 
Jurassic tune. White areas, land; ruled areas, sea. (Modified by the 
author after F. X Schaffer ) 


Climate 

In general the evidence from the character and distribution of 
the organisms shows that the climate was comparatively mild 
Corals, for example, had a range several thousand miles farther 
northward than they do today. A careful study of the migrations 
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Fig. 160 

A Kving Cycad, Dioon edule, of Mexico. (From a photograph by Prof. 
C. J. Chamberlam.) 
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of certain animals has, however, rather well estabhshed the fact 
that the Arctic Sea was notably colder than the Atlantic and 
Pacific, but it is perhaps too much to say that the northern sea 
was as cold as it is now. There was quite certainly some defini- 
tion of climatic zones, especially m later Jurassic time. 

Economic Peodtjcts 

The great gold-bearing veins or lodes of the famous “Mother 
Lode Belt” of the Sierra Nevada occur in Jurassic and older 
slates. 

In California, also, important quicksilver deposits occur in 
metamorphosed Jurassic and later rocks. 

Coal beds of some importance are found, mostly in the Lower 
Jurassic, m Hungary, various parts of Asia, and Australia. 

As already mentioned, the famous Solenhofen lithographic 
stone of Bavaria is of Jurassic age. 

Life of the Jtjkassic 

In Europe, as would be expected because of the great sea trans- 
gression, the marine life was prolific, and a wonderfully rich record 
has been left and carefully studied by many paleontologists. Some 
idea of the profusion of marine orgamsms may be gained from 
the fact that more than 4000 species are known from the British 
Isles alone. The far less complete American marine record is in 
harmony with the adverse physical conditions. 

Besides the marine fossils, the wonderful records of land ani- 
mals, especially the remarkable and now extinct Mesozoic Reptiles, 
are worthy of particular mention. 

Plants. — Viewed in a broad way, the plants of the Jurassic 
were much like those of the precedmg period, though some pro- 
gressive evolutionary changes took place. Certain characteristic 
Paleozoic plant-features, which were still found in the Triassic, 
finally disappeared in the Jurassic, and, as stated by Knowlton, 
“the Mesozoic life-forms were in full swing, expandmg in the Middle 
and Upper parts of the period into an abundant and widespread 
flora.” Ferns, Eqmsetce, Cycads (Figs. 160, 161, 162), and Comfers 
continued to be the dominant forms, with the Cycads attaining 
their culmination in both number of individuals and species. The 
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Conifers took on a more modern aspect. The flora appears to have 
been remarkably uniform over wide portions of the world. 

Protozoans. — Forarmnifers and Radtolanans were both very 
abundant and highly diversified. Foraminifers are particularly 
numerous in certain Jurassic clays, while certain beds of chert 
or jasper are almost wholly made up of Radiolanan shells. 

Porifers. — Sponges 
were very abundant 
and diversified. They 
are often beautifully 
preserved, even to the 
minutest details. 

Ccelenterates. — 
Anthozoans (Corals) 
continued to be com- 
mon, and all were of the 
modern H exacoralla 
types. 

Echinoderms. — Af- 
ter their culmination 
in the Mississippian, 
the Cnnoids remained 
in a comparatively sub- 
ordinate position dur- 
ing the Permian and Triassic periods. During the Jurassic 
they again became profuse. As regards both abundance and size 
they probably even surpassed those of the Mississippian, though 
not in diversity of species Their general structure was more like 
modem forms than hke Paleozoic, and also there is good evidence 
that the shallow-water forms so common in the Paleozoic began to 
give way to deeper-water forms similar to those so prevalent 
today. Fig. 163 gives a good idea of one of the Jurassic Cnnoids, 
the highly segmented and delicately branching arms being well 
exhibited. It scarcely seems credible that fully 600,000 segments 
have been counted in a smgle individual. 

Asterozoans were moderately represented and they had already 
assumed a distinctly modem structure. 

Echnoids. — These forms, which first attained much promi- 
nence in the Triassic, continued to increase in abundance and 
variety in the Jurassic. Early m the period regular forms only 



Fig 161 

A fossil Cycad tree trunk, Cycadeoidea pulcher- 
lima This is a Lower Cretaceous species 
(After Darton and W S Smith, U. S Geo- 
logical Survey, Foho 108 ) 
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existed, but later in the period the irregular forms made their first 
appearance. The regular forms were radially symmetrical, while 
the irregular ones were only bilaterally symmetrical (see Figs. 164, 
165). Smce the latter are distinctly more modern m structure, we 



Fig. 162 

Jurassic Cycad leaves (After Ward, U S Geological Survey, Monograph. 48.) 


have here another good illustration of progressive evolution toward 
modem forms. 

Molluscoids. — Bryozoans were present, but apparently not 
very important. 

Brachiopods were still fairly common, though the numbers of 
genera and species were reduced to only a few. Most of these 
genera have continued to the present day, so that in the succeed- 
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ing periods the evolution of these crea- 
tures, so very prominent m all of the 
earlier fossiliferous periods, has but 
httle interest. 

Mollusks. — Pelecypods were even 
more abundant than m any preceding 
period, their shells often largely con- 
stituting whole strata or thick beds. 
They were quite modern in appearance, 
many genera being those which still 
exist. The members of the Oyster 
family were most common, being rep- 
resented by such genera as Ostrea, 
Exogyra, Gryphea. 

Gastropods, including various exist- 
ing genera, were usually common. 

Among Cephalopods the ancient and 
important straight-sheUed Orthoceras 
had disappeared with the preceding 
period, but coiled Nautiloids still were 
common. The Ammonotds reached the 
very height of their development in the Jurassic. Among these, 
the most characteristic and abundant were the Ammonites, in 
which the sutures or partition structures 
reached the highest degree of complexity 
(see Fig. 166). Many hundreds of species 
are known, and often Jurassic strata are 
chiefly composed of them. Of all coiled 
Cephalopods, the largest were of this age, 
some Ammonites having attained a diam- 
eter of several feet. In many cases “er- 
ratic and degenerate developments showed 
themselves by uncoiling and strange coil- 
ing, presaging a stage of 'sporting^ and 
retrogression in the next period, followed 
by extinction” (Chamberlin and Salis- 
bury). The reader is again referred to 
the table in Chapter VII which outlines 
the evolution of the chamber-shelled Ceph- 
alopods. 



Fig 164 

A regular or radially 
symmetrical Echi- 
noid, Ps&udodxadema 
texanum, of Lower 
Cretaceous age. (Af- 
ter Hill and Vaughan, 
U S. Geological Sur- 
vey, Folxo 76.) 



Fig. 163 

A Jurassic Crmoid, Pen- 
tacrinvs fossilis (After 
Goldfuss ) 
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We learned that the Dibranch Ceph- 
alopods made their first appearance m the 
Triassic period. In the Jurassic these forms 
were exceedmgly abundant both in num- 
bers lof species and of individuals. Most 
characteristic of these were the Belemmtes, 
so called because of the long, conical, or 
dart-shaped, internal shells which are gen- 
erally the only portions preserved m the 



fossil state (see Fig. 168). They were An irregular or bilater- 
similar in appearance to the modern symmetrical Echi- 

Squids or Cuttlefishes. Some Jurassic H^iast&r tex^ 

£ anus, of Cretaceous 

forms reached a length of over two feet. ^ge (After Hill and 

A few specimens from the English Oolite Vaughan, U S.Geolog- 

show almost perfect preservation of the ical Survey,! Foho 76.) 



Fig. 166 


A Jurassic Ammonite, Ammonites guibaU- 
anus, with part of the shell removed, 
showing the comphcated suture or parti- 
tion structure (Photo by the author.) 


original creature (see Fig. 
169.) . Ink-bags, like those 
found in modern Squids, 
are sometimes so well pre- 
served that drawings of 
the fossils have actually 
been made with ink taken 
from their own ink-bags. 

Arthropods. — Among 
the Crustaceans the famil- 
iar Paleozoic Trilobites 
and Eurypterids were, of 
course, gone, and forms 
much higher in structure 
had become abundant and 
of rather modem aspect. 
Thus, among Eucrusta^ 
ceans, the long-tailed 
Decapods (Macrurans) or 
Lobster forms showed 
many genera and species 
(Fig. 170), while the short- 
tailed Decapods (Brachy- 
ura) or Crab forms made 
their first appearance, 
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A highly coiled Jurassic Ammonite, Micro- 
dcroceras hirchi. (Photo by the author.) 


Pig. 168 

Internal shell of a Bclemnite, 
restored (From Norton's 
“Elements of Geology," by 
permission of Ginn and 
Company, Pubhshcrs.) 


though they were not numerous. Many 
types intermediate between the long- 
tailed and short-tailed Decapods were 
very common, these connecting forms 
being of special evolutionary interest because, in the embryonic 
development of the modem Crab, the long tail of the early stage 
gradually becomes shorter and practically absent in the adult 
stage. This is an excellent example of the so-called ^Xaw of 
Recapitulation^^ (see Fig. 171). 

Insects were numerous in certain locahties at least, some hun- 
dreds of Jurassic species being known. There were many species 
of the simpler forms, includmg Grasshoppers. Among higher 
forms the Beetles became very abundant, while Fhes and still 
higher Insects such as Bees, Ants, Butterflies, and TFasps made their 
first appearance in the Jurassic. The Insect life of the world was, 
therefore, remarkably modem in aspect thus far back in geological 
time. 

Fishes. — Selachians continued to be common; Dipnoans were 
rare; and Ganoids were still the predominant Fishes. A very im- 
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portant change, showing progress among the 
Fishes, took place with the first appearance of the 
Teleosts or true bony Fishes, which types prevail 
today. The Jurassic forms were simple, not nu- 
merous, and they were frequently on the border 
between true Ganoids and true Teleosts (Fig. 

172). 

Amphibians. — Little or nothing is known 
concerning Jurassic Amphibians. This is in 
marked contrast with their prominent develop- 
ment in several immediately preceding periods. 

By the close of the Triassic they are known to 

have greatly di- 
mimshed, never 
again to nse to 
prominence. On- 
ly a few small 
forms, such as 
Frogs, Newts, 
and Salaman- 
ders, represent 
this once great 
class at the pres- 
ent time. 

Reptiles. — 

Viewed in the broadest way, the 
Reptiles of the Jurassic were 
much like those of the Triassic, 
except that they became more 
numerous and diversified. By 
some, this period is regarded as 
the culminating time of the Rep- 
tiles. As compared with the 
Triassic all the same prmcipal 
groups were still represented, 
though with many genera and 
species changes. The more mod- 
em forms, such as Turtles j greatly 
increased, but Lizards were still 
very subordinate. Crocodiles 



Fig 170 


A Jurassic long-taded Decapod (Ma- 
cruran) (After Neumayr's '‘Erd- 
geschichte,^' from Schuchert's 
^'Historical Geology,” courtesy of 
John Wiley and Sons.) 



Fig. 169 

A Jurassic Bel- 
emmte, Belem- 
noteutfm an- 
tiqua. (Modi- 
fied after Man- 
teU) 
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made their first appearance. As with all the Mesozoic periods, 
the principal interest surrounds the great groups of remarkable 



Three stages in the hfe history of a modem Crab The 
larval stage B is very similar to the adult Jurassic 
form shown in Fig 170 (After Couch, from Lc 
Conte's Geology," permission of D. Appleton and 
Company ) 


extinct Reptiles such as Enaliosaurs, Dinosaurs, and Pterosaurs, 
It will be more convenient, however, to describe Mesozoic Rep- 
tiles together toward the end of the next chapter. 



A primitive or ancestral Jurassic Teleost, Bypsocormus insignia. (From 
Scott's “Geology," courtesy of The Macmillan Company.) 
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Birds. — A very important feature from the standpoint of 
evolution was the introduction of the feathered creatures in the 
Jurassic. The class of Birds is now so distinctly separated from 
all others and the connecting hnks obhterated, that the earliest 
Birds are of especial interest as throwing light on the evolution of 
this class. Until 1862 Birds had been found only in the Tertiary, 
and these were already distinctly differentiated as typical Birds. 
But in that year there was found in the Solenhofen (Bavaria) lime- 
stone, so celebrated for its marvelous preservations of organisms. 



The earhest known Bird, Archeopteryx macruraf from the Jurassic. A, 
nght hand; R, right foot; C, restoration modified after Pycraft. 
(From Shimer's “Introduction to the Study of Fossils,'^ courtesy of 
The Macmillan Company.) 

a flying feathered biped, and therefore presumably a Bird. But 
how different from our usual conceptions of this class! Along with 
its distinctive Bird-characters of feet, limb-bones, beak, and es- 
pecially of feathered wings, it had the long tail and toothed jaws 
(see Fig. 173) of a Reptile. The structure of the tail is especially 
significant. In ordinary Birds the tail proper is shortened up to a 
rudiment and ends in a large bone, from which radiate the feathers 
of the tail-fan. In this earhest Bird, on the contrary, the tail proper 
is as long as all the rest of the vertebral column put together, 
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consisting, as seen in the figure, of twenty-one joints from which the 
fan feathers come off in pairs on each side. The tail-fan of this 
Bird differs from that of typical Birds precisely as the tail-fin of 
the earliest Fishes differs from that of typical Fishes. The tail-fan 
of this earhest Bird, like the tail-fin of the earliest Fishes, was 
vertebrated. This wonderful reptilian Bird was called Archoop- 
texyx (^primordial winged creature'), and the species macrura 
('long-tailed'). . . . So complete is the mixture of the two kinds 
of characters that some zoologists beheve that the reptilian char- 
acters predommate, and that it should be called a Bird-like Reptile. 
Most agree, however, that it is a reptihan Bird." ^ Thus, while 
the evidence seems conclusive that Birds were evolved from Rep- 
tiles, there is no conclusive evidence that they were derived from 
the flying Reptiles (Pterosaurs). Rather there appears to have 
been a development of these two remarkable groups of flying 
creatures alongside each other. 

Mammals. — This important class, first known from the Tri- 
assic, continued to be represented by only comparatively few 
small, very primitive forms m the Jurassic. The scant records 
show these creatures to have been no larger than Mice or Rats 
and low in organization (i.e Monotremes or Marsupials). As al- 
ready stated. Mammals remained very subordinate throughout 
the Mesozoic era. 

1 J. Le Conte* Elements of Geology ^ 5th ed , pp 462-463. 
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THE CRETACEOUS PERIOD 
Origin of Name, Subdivisions, Etc. 

The term Cretaceous, from the Latin Greta for chalk, was 
given to the penod because of the prominence of chalk beds in 
the rocks of this age, especially in England and Franco. In fact, 
one of the most striking features of the landscape in southern 
England and northern France consists in the frequent exposures 
of beds of white or very light colored chalk. Perhaps the most 
famous arc the Dover Cliifs of England. In many parts of the 
world, however, the Cretaceous system is not rich m chalk deposits. 
In the United States, chalk is extensively developed in the Creta- 
ceous of Alabama and Texas. The system was first carefully 
studied in England, but the names of the French subdivisions are 
now more widely employed. 

For a long time the Cretaceous system has been known to be 
divisible into two portions — a Lower and an Upper — often 
s(^parable by unconformity, and, during the past ten or twelve 
years, some authors have regarded the Lower (Cretaceous as a 
separate vsystem called '^Cbmanchean^^ from a locality in Texas, 

Following are the principal subdivisions of the Cretaceous 
as now recognized in Europe and North America, though exact 
correlations are not implied (see next page). 

Distribution and Character op the Rocks 

General Distribution. — Lower Cretaceous. The surface dis- 
tribution of rocks of known Lower Cretaceous age is shown on 
the accompanying map (Fig. 174). With the exception of part of 
Virginia,^ these rocks are seen to form a narrow outcropping belt 
at the western margin of the Atlantic Coastal Plain from New 
Jersey to Alabama. Passing eastward from the exposed belt, well 

1 In this part of Virginia the Lower Cretaceous strata are completely con- 
cealed under Tertiary strata. 
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borings show that a large part of the whole Coastal Plain is under- 
lain with Lower Cretaceous rocks. The sediments (of the Coastal 
Plain) in general form a series of thin sheets which are inclined 
seaward (Fig. 181), so that successively later formations are en- 
countered in a journey from the inland border of the region toward 
the Coast” (W. B. Clark). 

As the map shows, the most extensive surface distribution of 
Lower Cretaceous rocks is m Mexico and Texas. Here, too, in 
passing toward the (Guh) Coast these strata are known to be 
extensively developed under cover of later formations. In general, 
therefore, the actual extent of Lower Cretaceous strata in the 
Atlantic and Gulf Coastal Plain is much greater than the surface 
exposures. 

Several small areas are known in the western United States in 
the Rocky Mountains and m the Coast Range of northern Cali- 
fornia. Large surface areas occur in British Columbia and Alaska. 
In many of these western regions the Lower Cretaceous strata are 
notably folded or tilted, so that their full extent is not shown by 
the outcrops. 

Upper Cretaceous. As seen on map Pig. 175, the rocks of 
Upper Cretaceous age are widely exposed at the surface — much 
more so than those of Lower Cretaceous age. In the eastern and 
southern United States, Upper Cretaceous strata outcrop as com- 
paratively long, narrow belts at or near the western and northern 
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margin of the Atlantic and GuK Coastal Plain. The northernmost 
exposures are on Martha's Vineyard. The occasional gaps shown 



Fig. 174 

Map showing tho surface distribution (areas of outcrops) of Lower Cretaceous 
strata in North Ameiica. (Modified by W, J. M. after Wilhs, U. S. Geo- 
logical Survey.) 


on the map are due to the fact that the Upper Cretaceous beds are 
there concealed under later deposits. From the outcropping belts 
poeanward or gulfward, tho Cretaceous strata dip gently under the 
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later (Cenozoic) deposits and they there underhe much, if not all, 
of the Coastal Plain (Fig. 181). 



Fig 175 

Map showing the surface distribution (areas of outcrops) of Upper Cictac^oous 
strata in North America (Modified by W J M. after WiUis, U S. Geo- 
logical Survey ) 

A large part of the western interior shows Upper Cretaceous 
rocks at the surface. Because of the usual only slightly deformed 
character of the strata just west of the mam axis of the Rocky 
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Mountains, there is a large practically solid outcropping area, 
while within the Rockies, where much deformation has affected 
the rocks, the outcrops are much more patchy m distribution. 
Large areas of Upper Cretaceous strata are also concealed under 
later rocks in this western interior region (Fig. 175). 

On the Pacific Coast and in Alaska only small areas of Upper 
Cretaceous strata show at the surface, but since the rocks there 
are usually in a highly deformed condition, they are really con- 
siderably more extensive than the surface exposures seem to 
indicate. 

Character of the Rocks. — Atlantic Coastal Plain. Three well- 
known Lower Cretaceous formations (Patuxent, Arundel, and 
Patapsco) of the Atlantic Coast have long been called the Potomac 
senes. They are all of contmental origin. They consist mainly of 
sands and clays with a total thickness of about 725 feet. The 
sands are often cross-bedded, and some of the clays are highly 
colored. Fossil plants arc common, and m some places there are 
beds of lignite. Several small unconformities occur within the 
Potomac series. 

The Upper Cretaceous deposits rest unconformably upon the 
Lower Cretaceous. According to Clark the Upper Cretaceous 
formations of New Jersey are typical of the North Atlantic Coastal 
Plain. They consist mainly of clays, sands, gravels, and green- 
sand (glauconitic) marls with a total thickness of about 1000 feet. 
There are some lignitic and limy beds. These Upper Cretaceous 
deposits have been subdivided into a number of formations 
separated by minor unconformities. Some of tho best known of 
these formations are listed in the preceding tabic. 

Alabama. Lower Cretaceous strata of Alabama, according to 
Stephenson, consist of “irregular bedded, coarse, arkosic, more or 
less micaceous sand, with subordinate lenses of usually massive 
clay of greater or lessor purity. The terrane rests upon a base- 
ment of crystalline rocks and is separated from the overlying 
Eutaw and other Upper Cretaceous and Tertiary formations by an 
unconformity.’^ ^ 

According to Stephenson tho Upper Cretaceous formations con- 
sist mainly of variously bedded sands, greensands, clays, gravels, 
impure limestones, and chalk. Their total thickness is fully 
2600 feet. The Selma chalk, very rich in Foraminifcral shells, 
^ L. W. Stephenson: U. S. G S., Professional Paper p. 20. 
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is a striking, white formation, reaching a thickness of nearly 
1000 feet. 

From the above descriptions, the Atlantic and eastern Gulf 
Coastal Plain Cretaceous deposits are seen to be largely uncon- 
solidated. They are only slightly tilted sediments. The Lower 
Cretaceous strata are largely non-marme, while the Upper Creta- 
ceous are largely marme. 

Texas. In the Texas region the Tnmty formation consists 
mostly of light colored sands, with some alternating marls, clays, 
and limestones. Its lower portion is of continental origin, while 
its upper portion is marine. The whole formation attains a maxi- 
mum thickness of about 2000 feet. The Fredericksburg formation 
is typically almost entirely chalky limestone of marme origin from 
1000 to 5000 feet thick. It covers wide areas in Mexico and Texas. 
The Washita formation comprises chiefly alternations of light and 
dark colored marly clays, hmestones, and sandy limestones whose 
thickness is from 200 to 400 feet. This formation extends across 
much of Mexico, Texas, and northward into Oklahoma, southeast- 
ern Kansas, eastern Colorado, and possibly into Wyoming. 

The Woodbine formation, according to Hill,^ is made up of 
ferruginous sands and clays (600=1= feet thick), the Eagle Ford 
formation is essentially bituminous clay with some limestone 
(600 =b feet thick); the Austin formation is largely impure chalk 
with some softer beds of marl (600=1= feet thick), the Taylor for- 
mation is calcareous clay marl (several hundred feet thick) ; and 
the Navarro formation is mostly made up of sands, chalks, and 
clays with some glaucomte (thickness*?*). 

Great Plains. In the Great Plains region, mostly just east 
of the main axis of the Rocky Mountains from Cblorado north- 
ward, there occur certain formations — Lakota, Kootenai, etc. 
— winch consist mostly of shales, sandstones, and much coal. 
They are Lower Cretaceous deposits of continental origin. 

The Dakota formation is chiefly sandstone, mostly of marine 
origin, usually several hundred feet thick. The Colorado formation 
is very largely of marme origin and comprises mostly clastic sedi- 
ments but with considerable chalk. The Montana formation 
comprises mostly clastic sediments of marine origin, though with 
some continental deposits, as, for example, local coal beds. It 
shows a remarkable variation in thickness of from 8700 feet in 

^ U. S G. S., Professional Paper 71, pp. 20-21. 
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Colorado to only 200 feet m the Black Hills of South Dakota. The 
Laramie formation is quite certainly mostly of non-marme origin, 
with fresh-water and land deposits (including much coal) common. 
The formation shows a variable thickness possibly up to several 
thousand feet. The Lance formation, m part maiine and in part 
continental in origin, attains a thickness of 700 feet m North 
Dakota. The Fort Union sands and clays of both fresh- water and 
subaerial origin reach a thickness of 2000 feet m North Dakota, 
Montana, and the Great Plains of southern Canada. 

Pacific Coast. — On the Pacific Coast, the Lower Cretaceous 
is remarkably developed, where it shows a maximum thickness. 
In California the older or Knoxville series, comprising nearly 20,000 
feet of shales with some interbedded sandstones and limestones, is 
overlain conformably by the Horsetown series of sandstones and 
shales about 6000 feet thick. This enormous thickness of sediments 
is clearly of shallow-water origin, the rocks now nearly always 
being distinctly folded or tilted. Lower Cretaceous strata, usually 
folded and sometimes metamorphosed, also are widely developed in 
British Columbia and Alaska with some coal in both regions and 
some volcamc rock in the former. 

The Upper Cretaceous on the Pacific Coast is represented by 
the single great Chico formation, but both the oldest and the young- 
est portions of the series arc often not represented at all. The 
Chico IS a marine deposit from a few hundred to more than 5000 feet 
thick. It is prominently developed in the Coast Range Mountams 
from Lower Cahfornia to British Columbia. It consists mostly of 
sandstones, shales, and conglomerates, and is, in some places, con- 
formable, and in others unconformable, to the Lower Cretaceous. 

Thickness of the Cretaceous. — The system shows a maxi- 
mum thickness of fully 1700 foot on the north Atlantic Coast; 
3000-1- feet in the eastern Gulf region; 3500 to 7500 feet in the 
western Gulf region; 10,000 to 20,000 feet in the western interior 
region, though usually much less in any one locality; and 25,000 
to 30,000 feet in California. 

Igneous Rocks. — Volcanic rocks are associated with the Lower 
Cretaceous in British Columbia. Igneous rocks (chiefly lavas) of 
Late Cretaceous and Tertiary ages occur in vast quantities over 
great areas in central western North America. The igneous activity 
represented by these rooks is more fully described in succeeding 
pages. 
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Physical History 

Atlantic and Eastern Gulf Coasts. — The Cretaceous period 
opened with the coast line of the eastern United States somewhat 
farther out than it now is, but, early in the period, there was enough 
subsidence, or possibly warping, of the coastal lands to allow 
deposition of sediments over much of what is now known as the 
Atlantic and eastern Gulf Coastal Plam. That but little down- 
warpmg of the surface was necessary m order to produce proper 
conditions for this sedimentation is evident, because the coastal 
lands just prior to the Cretaceous were already low-lying as a result 
of the long Jurassic erosion mterval. There was just enough 
warpmg of the low coastal lands to produce wide flats, flood-plains, 
shallow lakes, and marshes back from the real coast line. Over 
such areas were deposited the* sediments derived from the Pied- 
mont Plateau and Appalachian areas. The very irregular arrange- 
ment of the deposits (Potomac) and their rich content of fossil 
land plants afford conclusive evidence that the sediments were 
accumulated under continental conditions. 

The rather widespread unconformity between the Lower and 
Upper Cretaceous in these regions proves that, about the close of 
the Lower Cretaceous, there must have been enough emergence of 
the lands to convert the basins of deposition into areas of erosion. 
Early in the Upper Cretaceous, however, a submergence of the 
coastal lands took place, inaugurating the deposition of the Upper 
Cretaceous strata. The general character, mostly marine ^ origin, 
and present extent of these deposits prove that the submergence 
allowed a shallow sea to spread over much of what is now called 
the Atlantic and eastern Gulf Coastal Plain.^ In this connection it 
is very important to note that Appalachia, the great land-mass 
which had persisted through the many milhons of years of the 
Paleozoic era as well as most of the Mesozoic era, largely dis- 
appeared under the Cretaceous sea not again to appear in anything 
like its former magmtude. 

Texas. — Durmg most of Lower Cretaceous time a clear and 
unusually deep epicontinental sea occupied much of Mexico and 
Texas and immediately adjommg regions. Great chalk deposits 

1 Some beds of continental origin occur in the Upper Cretaceous of 
Maryland and New Jersey. 

2 Certain mmor oscillations of level are here disregarded. 
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were formed in this clear sea. Perhaps the maximum northward 
extension of the Lower Cretaceous sea took place during late Lower 
Cretaceous (Washita) time, when marme waters probably reached 
as far northward as Colorado. 



Kg. 176 

Paioogeographic map of North America during middle Lower Cretaceous 
time White areaa, land; ruled arcaa, sea. (Principal data, modified by 
the author, from maps by B. Willis and C. Sohuohert ) 

Throughout Upper Cretaceous time marine waters appear to 
have persisted over the Texas area, having been particularly clear 
during the deposition of the Austin chalk. The eastern ono-half 
of Mexico was also submerged. 
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Western Interior-Great Plains Region. — The physical history 
of this area during Lower Cretaceous time is still somewhat prob- 
lematical, but the best evidence seems to show that, just east of the 
site of the Rockies, deposits of continental origin (Lakota and 



Fig 177 

Paleogeographic map of North America durmg early and middle Upp(T 
Cretaceous time White areas, land; ruled areas, sea, (Principal data, 
modified by the author, from maps by B. Wilhs and C Schuchert.) 

Kootenai) were formmg very much like those of the Potomac on tlu^ 
Atlantic Coast. 

Rather early in the Upper Cretaceous, the western Interior- 
Great Plains region witnessed a very extensive marine transgression 
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beginning during Dakota time and probably reaching a maximum 
dunng Colorado time. In the comparatively clear waters of this 
sea there were laid down the chalk and other marine deposits. This 
great marine invasion must take rank as one of the most extensive 
m the history of the continent, the sea waters having spread 
from the Gulf of Mexico northward over the Rocky Mountain- 
Great Plains region to the Arctic Ocean by way of what is now the 



Kg. 178 

Typical exposure of Upper Cretaceous (Selma) chalk in Alabama. (After 
L. W. Stephenson, U. S Geological Survey, Prof. Paper 81 .) 


Mackenzie River Valley (see map Fig. 177) . There is no good evi- 
dence that this vast western interior sea had direct connection with 
the Pacific Ocean. In the latter portion of the period (Laramie) 
marine waters prevailed only over part of the Great Plains area of 
the United States. Sufficient emergence “formed a coastal plain, 
extensive marshes prevailed, and the marsh deposits became 
coal beds. Sea, marshes, and river plains alternated in sequence 
till near the close of the Cretaceous period” (Bailey Willis). 





276 HISTORICAL GEOLOGY 



Pacific Coast. — Rather 
remarkable physical conditions 
must have obtained m Califor- 
nia, especially in the north, to 
give rise to such a phenomenal 
thickness of sediments during 
this one period. Apparently 
the explanation is not far to 
seek, because the newly up- 
raised Sierra Nevada must have 
undergone vigorous erosion 
with rapid accumulation of 
materials in the marine waters 
which then occupied the sites 
of the present Great Valley and 
Coast Range of California. An 
unconformity, indicating con- 
siderable uplift and deforma- 
tion, usually separates the 
Lower and Upper Cretaceous 
in Cahfornia. 

In British Columbia and 
Alaska the presence of marine 
strata proves the existence of 
sea water over the areas in- 
dicated on the accompanying 
maps, though the coal beds 
show that great swamps or 
lagoons must have existed 
locally. 

Close of the Period in the 
West (Rocky Mountain Rev- 
olution). — The close of the 
Cretaceous period, or, what is 
the same thing, the close of the 
Mesozoic era, was marked by 
one of the most profound and 
widespread physical disturb- 
ances in the history of North 
America since pre-Cambrian 
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time. Over the Rocky Mountain district there had been more or 
less deposition of sediments (both marine and continental) during 
Proterozoic, Paleozoic, and Mesozoic times. Toward the close of 
the Cretaceous, there was vigorous deformation, mcludmg both 
folding and dislocations of the strata, not only throughout the 
Rocky Mountam district in North America from the Arctic Ocean 
to Central America, but also even along the line of the Andes 
Mountains to Cape Horn — altogether more than one-fourth of 
the way around the earth. This great crustal disturbance has 
been called the “Rocky Mountain Revolution.” While the folding 
was usually not nearly as intense as at the time of the “Appa- 



Fig 180 

Structure section in the Rocky Mountains of western Montana showing moder- 
ate folding of Cretaceous and older rocks Argn^ Archcan, Cg^ Of, Cam- 
brian; jDj, Devonian, Cq^ Cn, Carboniferous; XZ, Amc, Jvd, Cretaceous. 
(After Peale, U. S. Ceological Survey, Folio 24 ) 

lachian Revolution,” nevertheless there were very considerable 
uplifts accompanied by moderate folding of the strata in many 
parts of the district (Fig. 180). 

The portion of the Rocky Mountains situated in the northern 
United States and southern Canada suffered the severest deforma- 
tion, where strata 50,000 to 75,000 feet thick were folded and 
faulted into a mountain range probably no less than 20,000 feet 
high. Referring to this region Schuchert says that “there had 
been no orogeny from early Proterozoic time until the close of the 
Cretaceous. During this vast time there was laid down in this 
area about 20,000 feet of Mesozoic strata resting upon 26,000 
feet of Paleozoic formations, and these in turn lie (almost) con- 
formably upon about 30,000 feet of but little metamorphosed Pro- 
terozoic rocks. It is the longest accessible geological section 
known anywhere and attests to the striking fact that the earth's 
crust may subside at least 14 miles before it becomes folded into 
mountains.” ^ 

1 C. Schuchert: Ocoh Soc. Amer, Bul,^ Vol 34, 1923, p. 191, 
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The Rocky Mountains may be truly said to have had their 
beginning at the close of the Cretaceous, although their existing 
altitude and rehef features are largely due to later movements and 
erosion. Instead of folds, great thrust faults were sometimes de- 
veloped, a fine example being in Glacier National Park where 
Proterozoic rocks were pushed at least 12 miles over Cretaceous 
rocks.^ 

Another very important physical disturbance accompanying 
the “Rocky Mountain Revolution’^ in the western United States, 
Mexico, and southern British Columbia, was the inauguration of 
vast Igneous (chiefly volcanic) activity, which continued almost 
unabated mto the early part of the immediately succeeding Ter- 
tiary period. 

Close of the Period in the East. The Cretaceous Peneplain 
and Its Uplift. — Turmng our attention to the eastern part of the 
continent, we find that significant changes took place there also. 
In fact the area of the eastern United States was subjected to the 
greatest crustal disturbance since the “Appalachian Revolution” 
toward the close of the Paleozoic. 

Durmg all of the Mesozoic era most of the eastern portion of 
the United States, except the Coastal Plains during part of the 
time, was above sea water and undergoing erosion, so that, as a 
result of this very long time of wear, the region was reduced to the 
condition of a more or less perfect peneplain. It is known as the 
“Cretaceous Peneplain,” because of its best development during 
the Cretaceous period (Fig. 181). This vast plain extended over 
the areas of the Appalachian Mountains, Piedmont Plateau, all 
of New York state, the Berkshire Hills, and the Green and White 
Mountains. Its most perfect development was in the northern 
Appalachians as, for example, from east-central Pennsylvania to 
Virginia, where hard and soft rocks alike had been so thoroughly 
cut down that no masses projected notably above the level of the 
low-lying plain. 

Farther northward, however, over New York and western 
New England, and also farther southward as in North Carolina, 
its development was less perfect, so that certain masses of harder 
rock stood out more or less prominently above the general level 
of the plain. 

1 It IS possible that this fault was developed a httlo later, that is in early 
or nuddle Tertiary time. 
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As Berkey says. “The continent stood much lower than now. 
Portions that are now mountain tops and the crests of ridges 
were then constituent parts of the rock floor of the peneplain 
not much above sea level. . . . The ridges and valleys, the 
hiUs, mountams, and gorges of the present were not in existence, 
except potentially in the hidden differences of hardness or rock 
structure. Such conditions prevailed over a very large region — 
certainly all of the eastern portion of the United States.”^ 




■ 



Fjg 181 

Diagrammatic section through the Atlantic slope at about the latitude of 
northern New Jersey, showing the structures and relations of the various 
physiographic provinces as they now exist 
A to R, folded Paleozoic strata of the Appalachian Mountams, with hard 
strata standing out t.o form the ridges, B to C, Piedmont Plateau, con- 
sisting of highly folded and metamorphosed rocks of pro-Cambnan and 
early Paleozoic ages; C to E, Triassic strata, showing tilting and faultmg of 
the beds and mode of occurrence of a sheet of igneous rock (D) which 
outcrops to form low ridges, E to U, Coastal Plain, consisting of com- 
paratively thin sheets of unconsolidated sediments; E to P, Cretaceous 
beds; F to G, Tertiary beds; G to J/, Quaternary beds; present coast 
line 

The dotted hne represents the peneplain character of the surface, except for 
the tilting, toward the close of the Mesozoic era (After W J Miller, N Y, 
State Mus, BuL 168.) 

The Cretaceous period was closed in eastern North America by 
a disturbance which produced an upwarp of this vast Cretaceous 
peneplain with maximum uplift of from 2000 to 3000 feet, follow- 
ing the general trend of the Appalachians and thence through 
northern New York and western Now England. This upward 
movement was unaccompanied by any renewed intense folding of 
the strata, the effect having been to produce a broad dome sloping 
eastward and westward, and northward to the Gulf of St. Lawrence 
and southward to the Gulf of Mexico. The upward movement 
i 0. P. Berkey; N. Y* State Mus. Bid. 146^ p. 67, 
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was, however, accompanied by the retreat of the sea from the 
Coastal Plain area, which thus accounts for the widespread uncon- 
formity there between the Cretaceous and the overlying Tertiary 
strata. 

Another prominent effect of this great uplift was to revive the 
activity of the streams so that they once more became active 
agents of erosion, and the present major topographic features of 
the eastern United States have been largely produced by the erosion 
and dissection of this upraised Cretaceous peneplain. Where the 
peneplain was best developed, the typical Appalachian ridges and 
valleys, running parallel to the trend of the mountain range, arc 
now beautifully shown. These valleys are the trenches of the up- 
raised peneplam, while the ridges have developed along the belts 
of hard rock, their summits actually representmg portions of the 
old peneplain surface (Fig. 181). These ridges all rise to the same 
general level for miles around, and as viewed from the summit of 
any one of them, the concordant altitudes give rise to what is called 
the “even sky-line,” which is a most striking feature of the land- 
scape (Fig. 212). In New York state and western New England 
remnants of the upraised peneplam surface are also distinctly 
shown. 


Foreign Cretaceous 

Europe. — Toward the close of the Jurassic and about the 
beginning of the Cretaceous, continental deposits were forming 
in parts of central and western Europe. Often these deposits 
grade from the Jurassic mto the earliest Cretaceous. The Alpine 
region continued to be submerged under sea water. Soon after 
the beginning of the Cretaceous, a more or less interrupted 
marine transgression caused considerable areas of western and 
central Europe to become submerged, the deposits including both 
marine and non-marme beds. At the same time marine waters 
were more extended over the southern part of the continent. 
In western and central Europe all types of common sedimentary 
rocks were formed, as well as some beds of coal in Germany. 
As would be expected, because of the more prevalent marine 
conditions in southern Europe, limestone was more commonly 
formed there. The conditions just described continued essentially 
till the close of the Lower Cretaceous, when only comparatively 
slight sea retrogressions took place, as proved by the fact that 
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the Upper Cretaceous rocks usually rest conformably upon the 
Lower Cretaceous. Thus in Europe there is not such a sharp 
break between the Lower and Upper Cretaceous as in North 
America. 

As in North America, so in Europe, Upper Cretaceous time 



Sketch map showing the relations of land and water in Europe during Upper 
Cretaceous time. White areas, land; ruled areas, sea (Modified by the 
author after F. X. Schaffer.) 


was marked by a great transgression of the sea. This marine 
invasion, which started in the Lower Cretaceous, continued with 
only slight interruptions well into the Upper Cretaceous, when 
much of Europe, except Scandinavia and northern Russia, was 
submerged, as shown by map Fig. 182. As in the Lower Cretaceous, 
the most common rock to form in southern Europe was lime- 
stone. In central-western Europe all types of ordinary sediments 
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are represented, but, as already stated, m northern France and 
southern England, the Cretaceous contains much chalk (e.g. 
Dover Chffs) which is made up of Foraminiferal shells and which 
imphes clear, if not fairly deep, sea water for its accumulation. 
Considerable greensand also occurs m the European Upper Cre- 
taceous. 

Toward the close of the period (Danian time) there were up- 
ward movements sufficient to increase the land areas and establish 
basins of non-marme sedimentation from Spam to and across 
the Alpine region as shown by the Cretaceous fresh-water de- 
posits there. 

Other Continents. — Rather extensive areas of Cretaceous 
occur in New Zealand and Australia, where the rocks are frequently 
coal bearing and an unconformity often separates the Lower and 
Upper portions of the system. 

Southwestern Asia, India (in the Himalayas), China, Japan, 
and Siberia aU show more or less extensive development of Cre- 
taceous strata. Over northern Africa extensive areas of marine 
Cretaceous rocks show much of that region to have been sub- 
merged durmg the period. In South Africa Cretaceous rocks 
(especially the Lower) are considerably developed. A feature of 
special importance in India was the inauguration, late in the period, 
of one of the greatest times of vulcanism since the pre-Cambrian 
and quite comparable to that of western North America already 
referred to. This is known as the Deccan lava region where some 
200,000 square miles are covered by lava flows whose aggregate 
thickness reaches several thousand feet. 

In South America Cretaceous rocks are widely distributed, 
especially in Brazil, where a notable manne invasion occurred in 
the Upper Cretaceous, though in places only continental deposits 
were formed. East of the Andes the Lower Cretaceous rocks are 
mostly non-marine. High in the eastern Andes and in southern 
Patagonia marine Upper Cretaceous strata are known. Toward 
the close of the period came the great orogenic disturbance, accom- 
panied by much volcanic activity, in the Andes Mountains district. 

Climate 

As would be expected because of the unusually extensive 
epicontinental seas, the climate of the period seems to have been 
mild to warm and rather uniform but with some distinction of 
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climatic zones. The fossil evidence (e.g. plants m the Cretaceous 
of Greenland) indicates mildness of climate even within the Arctic 
circle. 


Economic Pkoducts 

Coal beds of moderate extent and value are known in the 
Lower Cretaceous rocks of Alaska, British Columbia, Australia, 
and Germany. 

Coal IS extensively developed m the later Cretaceous of the 
western interior region of the United States. It is estimated that 
fully 100,000 square miles are underlain with chiefly hgnitic and 
bituminous coals as well as a httle anthracite coal. Considerable 
Cretaceous coal also occurs m Australia and New Zealand. 

The greensands (glauconitic) of the Atlantic Coastal Plain, 
especially in New Jersey and Virginia, were formerly extensively 
used as land fertilizers on account of their phosphoric acid 
content. 

A heavy production of petroleum has been obtained from the 
Cretaceous strata of Texas, particularly in the vicinity of Beau- 
mont. Both oil and gas arc obtained from the Cretaceous in 
Louisiana and Wyoming. 

Cretaceous limestones are quarried m Kansas, Nebraska, and 
Iowa for building stone. 

The most important sulphur deposits in the United States occur 
in rocks of Cretaceous age in Louisiana. 

The vast supply of underground water obtained from the Cre- 
taceous (Dakota) sandstone m the Great Plains region is worthy 
of special mention. Much artesian water is also derived from 
CJrctaceous beds in the Atlantic and Gulf Coastal Plain. In the 
regions just mentioned the water is held under pressure in porous 
sandstone by overlying impervious clay or shale. 

Life of the Cretaceous 

Plants, — Early in the period the plants were very much like 
those of the preceding Mesozoic periods, the dominant types still 
having been Equisetce^ Cycadn^ and Conifers. 

Among the OymnospermSy which were distinctly subordinate 
and a good deal like those of the present day, a feature of special 
interest was a considerable development of the genus Sequoia 
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which is still represented by the so-called ^^Big Trees and giant 
Redwoods of California. 

Before the Cretaceous, Angiosperms are not definitely known 

to have existed, but in 
North America there 
can be no possible 
doubt of their presence 

— both Monocotyle- 
dons and Dicotyledons 

— even in late Lower 
Cretaceous time. By 
the close of the period 
the Angiosperms had 
developed so phenom- 
enally as to attain a 
position of supremacy 
among plants, which 
position they have 

maintained ever since. This comparatively sudden appearance 
and remarkable development of the Angiosperms ‘^was one of the 
most important and far-reaching 
biologic events the world has known. 

... So far as we know, this flora 
appears to have had its origin m 
eastern or northeastern North 
America, in the Patapsco division of 
the Potomac series. Although the 
great majority of the plants found 
m association in these beds, both 
as regards species and individuals, 
still belonged to lower Mesozoic types, 
such as Ferns, Cycads, and Conifers, 
we find ancient if not really ancestral 
Angiosperms. ... No sooner were 
they (Angiosperms) fairly introduced 
than they multiphed with astonish- 
ing rapidity and in the . . . Rantan 
they had become dominant, the Ferns and Cycads having mostly 
disappeared and the Conifers having taken a subordinate position.^’ ^ 

^ F. H. Knowlton: In Outhnes of Geologic Hmory, by Willis and Salisbury, 
pp 205-206. 



Fig. 184 


A Cretaceous Bracliiopod, 7'crc^ 
hralula karlani. Note the 
curved hinge line. {From 
Shimer’s “Introduction to 
the Study of Fossils/’ cour- 
tesy of The Macmillan Com- 
pany) 



Cretaceous Foramimfers, greatly enlarged (Af- 
ter Calvin, from Le Conte’s “Geology,” per- 
mission of D Appleton and Company ) 
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No present-day species existed, but, among the more modern 
genera were Oaks, Elms, Magnolias, Maples, Figs, Laurels, Palms, 
Grasses, etc. Later Cretaceous Angiosperms were remarkably 
uniform and widespread over the earth. 

Lower Invertebrates. — The lower forms of Cretaceous In- 
vertebrates were largely, except m detail, much like those of the 
present day. Special mention may be made of the Foramimfers 
which were perhaps more prolific than during any other period. 
Their tiny shells practically make up the great chalk beds, espe- 
cially those of England, France, and the Gulf Coast of the United 
States. 

MoUusks. — Pelecypods continued to be very abundant, with 
the same genera of the Oyster (Ostrea) family of the two preceding 
periods stiU prominent. In addition to these were many species 
of the characteristic genera Exogyra and Inoceramus (see Fig. 
185). Many of the other genera, often of modern aspect, were 
also present. 

Gastropods were enriched by the appearance of many modern 
genera. 

Cephalopods. The Nautilozds had before this become greatly 
reduced, with only a comparatively few coiled forms of rather 
modern aspect left. Ammonoids continued to be very prominently 
represented as regards both numbers of species and individuals, 
especially by the Ammomtes, of which thousands of species are 
known from the Mesozoic alone. Some Cretaceous Ammonites 
attamed a diameter of several feet. During the Cretaceous 
many of the Ammonites showed a remarkable tendency to assume 
strange forms (Fig. 186). Some developed uncoiled shells; 
others spiral shapes, while still others were curved or actually 
straight (e.g. Bacuhtes). Thus, externally at least, there was a 
reversion to the early Paleozoic forms, but in all cases they 
retained their complicated suture or partition structure. These 
strange forms have been likened by Agassiz to death-contortions 
of the Ammonite family; and such they really seem to be. , . . 
From the point of view of evolution, it is natural to suppose that 
under the gradually changing conditions which evidently prevailed 
in Cretaceous times, this vigorous Mesozoic type would be com- 
pelled to assume a great variety of forms, in the vain attempt to 
adapt itself to fche new environment, and thus to escape its in- 
evitable destiny. The curve of its rise, culmination, and decline 
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reached its highest point just before it was destroyed The wave 
of its evolution crested and broke into strange forms at the moment 
of its dissolution/’^ Very few if any Ammonites crossed the line 
into the early Cenozoic, and such an abrupt termination of so 
abundant and diversified a group of animals has rarely been equaled 
in the history of the animal kingdom. Belemmtes still were abund- 
ant and these, too, showed a remarkable decline by the close of 
the Cretaceous. 

Arthropods. — Broadly considered, the Cretaceous Arthropods 
were much like those of the Jurassic, though the short-tailed 



Fig 187 

A Cretaceous Teleost Fish, Osmeroides Lewesicnsts^ restored 


Decapods (Crabs) increased notably. Most of the Arthropods 
were of rather modern aspect, though the species were quite dif- 
ferent from those of today. 

Fishes. — From the standpoint of evolution, a very important 
change took place among the Fishes. Sharks were common, having 
left an almost mcredible number of fossil teeth. For the first time 
the Teleosts (typical bony Fishes), which were introduced in a 
small and primitive way in the Jurassic, predominated over the 
Ganoids. Many Cretaceous Teleosts belonged to families or genera 
which still exist, such as Salmon, Herring, Bass, Cod, etc. Other 
types were more characteristic of the time. 

Amphibians. — These were of quite modem appearance and 
they occupied much the same relatively subordinate position that 
they do today. 

Reptiles. — Most of the great characteristic groups of Jurassic 
Reptiles continued into the Cretaceous, while certain new forms, 
such as Mosasaurs, Tnceratops, and Snakes, were added. Mesozoic 
Reptiles are discussed at the end of this chapter. 

1 J. Le Conte. Elements of Geology, 5th ed., pp. 499-600. 
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Birds. — Dunng the long time between the Jurassic, when the 
first known Birds appeared, and the Upper Cretaceous, important 
evolutionary changes took place in this class of ammals, though 
fossils of the interval are almost, if not wholly, absent. Creta- 
ceous Birds were distinctly more advanced and modern m appear- 
ance than were those of the Jurassic. Thus the long, vertebrated 
tail of the earlier forms had become greatly shortened, and the 
only important primitive 


charactenstic which they re- 
tained was the possession of 
teeth. Compared with mod- 
ern Birds, they had much 
smaller brain cavities. 

At least 30 species of Cre- W 

taceous Birds are known, all 
of these belonging to two 
great, though very different, 
groups (orders) e.g. Ichthyor- 

ms and Hesperorms. All ap- f 

pear to have been aquatic ^ 

forms. The Ichthyornis types | \ 

were powerful fliers, as proved & a 

by the strongly developed keel ^ ¥ 

and wing bones. The teeth 
were set in distinct sockets. 

The structure (biconcave) of " 

their vertebrae was quite dis- 

tinctly reptilian. They aver- A Cretaceous toothed Bird, Ichihyomis 
aged about the size of a Height, about 9 inches (After 

pigeon (see Fig. 188). ' 

Hesperornis comprised forms incapable of flight, but often of 
great size — five to six feet in length. In marked contrast with the 
Ichthyornis, these forms had powerfully developed legs which 
served as swimming paddles in these almost wholly aquatic forms. 
In every way they wore adapted to rapid swimming. Their teeth 
were set in grooves instead of sockets. 

Mammals. — As in the earlier Mesozoic periods, the Cretaceous 


Fig. 188 

A Cretaceous toothed Bird, Ichthyornis 
victor Height, about 9 inches (After 
Marsh.) 


Mammals were small, primitive forms which still occupied a very 
subordinate position among the animals of the time. Before the 
end of the Cretaceous, however, “there were at least six groups of 
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these archaic Mammals m existence, including insect-eaters, carni- 
vores, ancestral Monkeys or Lemurs, Rodents, and hoofed types. 
None were larger than sheep, the limbs were short, the tails long 
and heavy, and the brain exceedingly small. . . . From this small 
'minority,^ once the reptilian menace was removed, and the earth 
clad with grasses and cereals on which they could best feed, was 
to come a mammahan host that should exceed even that of the 
Reptiles in variety, and that was to develop brain instead of brawn 
until it culminated in Man.” ^ 

Mesozoic Reptiles 

The Mesozoic era has been appropriately called the ‘‘Age of 
Reptiles,” since those animals were at once the most character- 
istic and powerful creatures of the time So far as known, the first 
true Reptiles appeared m the Permian. During the Mesozoic 
they rose to great prominence, both in number of individuals and 
diversity and size of forms, reached their culmination in the 
midst of the era; and declined in a most remarkable manner to- 
ward the close of the era. During the Mesozoic the Reptiles 
ruled all fields — sea, land, and air. 

“The advance from the Amphibian to the Reptile was a long 
forward step in the evolution of the Vertebrates. . . . Yet in 
advancing from the Amphibian to the Reptile the evolution of the 
Vertebrate was far from fimshed. The cold-blooded, clumsy and 
sluggish, small-brained and unintelligent Reptile is as far inferior 
to the higher Mammals, whose day was still to come, as it is supe- 
rior to the Amphibian and the Fish ” (W. H. Norton). 

The Pnnai'pal Exti7ict Mesozoic Reptile (Iroups 

The following grouping of the more characteristic, extinc^t 
Mesozoic Reptiles is not meant to be an exact scientific classi- 
fication, but rather it is a simple arrangement for convenience of 
elementary discussion. Unless otherwise stated the types men- 
tioned ranged through the whole Mesozoic. 

Enaliosaurs. — There are many known types of these swim- 
ming Reptiles, but only a few of the most typical and characteristic 
forms are chosen for description. 

1 C. Schuchert: The Earth and Its Bh0hins, p. 311. 
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Fig. 189 

A group of Ichthyosaurfi, Ichthyosaurus quadnobssus^ of the Enahoeaur division 
of Mesozoic ]^ptiles. Maximum length 25 to 30 feet. Restoration by 
0. R. Knight, under the direction of H. F. Osborn, (By permission of the 
American Museum of Natural History.) 





292 


HISTORICAL GEOLOGY 


1. Enaliosaxjes ("Sea-lizards”) 
(Swimming Reptiles) e.g 


2. Dinosaurs (“Terrible-lizards ”) 
(Walkmg Reptiles) e g 


3 Pterosaurs (‘ ^ Winged-lizards ”) 
(Flying Reptiles). e g 


1. Ichthyosaur (“Fish-lizard'O 

2. Plesiosaur (“Lizard-hke”). 

3. Mosasaur (“Meuse River lizard”) 

(Later Mesozoic only), 

1. Sauropod (“Lizard-footed”) 

(Not known from the Triassic) 

2 Stegosaur (“Plated-lizard”) 

(Not known from the Tnassic) 

^ 3. Triceratops (“Three-horned face”) 
(Later Mesozoic only) 

4 Theropod (“Beast-footed”) 

5 Ormthopod (“Bird-footed”) 

(Not known from the Tnassic). 

f 1 Pterodactyl (“ Wmged-finger ”) . 

\2 Rhamphorhynchus (“Beaked-snout”). 


The Ichthyosaurs were Fish-like forms which ranged in length 
up to 25 or 30 feet. They had stout bodies, very short necks, and 

very large heads 
(see Fig. 189). The 
head, sometimes 4 
or 5 feet long, had 
an elongated snout 
in which as many 
as 200 large sharp 
teeth were set in 

A well-preserved Ichthyosaur found in Germany. S^^OVCS 

(After Fraa^.) sockets), Enormous 

eyes, sometimes 

over a foot in diameter, were protected by bony plates. A power- 
ful tail with two lobes set vertically had the vertebral column 
extending through the lower lobe. The four limbs were perfectly 
converted mto swimnoing paddles, thus strongly suggesting 
that these, as well as other Enahosaurs, represent former land 
Reptiles which adapted themselves to a water environment much 
like certain Mammals of today, such as Whales and Dolphins. 
Fishes and Cephalopods were largely their prey, as proved by the 
fossil contents of their stomachs, no less than 200 Belemnito 
remains havmg been found in one specimen alone. Many remark- 
ably preserved specimens of Ichthyosaurs have been discovered 
(Fig. 190), some with even the embryos plainly visible within the 
bodies. Ichthyosaurs ranged through the whole Mesozoic. 
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Plesiosaurs were less powerful forms than Ichthyosaurs, 
though they were usually longer, some having attained a maximum 
length of 40 to 50 feet (Fig. 191). A stout body, long, slender 
neck, small head, short tail, and four powerful paddles were char- 
acteristic features. Sharp teeth were set in sockets (not grooves) 
in the jaw. With their slender, serpent-like necks, often 10 to 
20 feet long, '^the Plesiosaurs could lie motionless far below the 



A restored Plesiosaur, Plesiosaurus dohchodeiruSj of the Enaliosaur 
division of Mesozoic Reptiles. Maximum length 40 to 60 feet 
(FromLe Conte’s Geology/’ courtesy of D. Appleton and Com- 
pany) 

surface, occasionally raising their heads above the water to breathe, 
or darting them to the bottom after their prey, which consisted 
chiefly of Fish’' (W. B, Scott). Plesiosaurs ranged through the 
whole Mesozoic. 

Mosasaurs were literal sea-serpents” or carnivorous marine 
Reptiles which often reached a len^h of from 40 to 75 feet (Pig, 
192). Though now wholly extinct, they were closely related to 
Snakes and Lizards in structure. The four limbs were converted 
into short, stout, swinaming paddles, and their jaws were set with 
sharp teeth. The relatively smaller head, long, slender body, and 
different tail structure distmguish the Mosasaurs from the Ichthyo- 
saurs, as a comparison of the accompanying pictures will show. 
Mosasaurs existed during the latter portion only of the Mesozoic. 
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Dinosaurs. — These Mesozoic Reptiles comprised a great va- 
riety of forms as regards both shape and size. Only five of the 
more common and characteristic types have been selected for 
description. Like most other Reptiles, the Dinosaurs laid eggs, 
fossilized specimens of which have been found. 

The Sauropods were the largest of all Mesozoic Reptiles, and 
in fact they included the largest ammals which ever trod the earth. 



Fig 192 


A Mosasaur, Tylosaurm dyspdor, of the Enaliosaur division of Mosozoici 
Reptiles. Maximum length about 75 feet. Restoration by C. R. Knight 
under the direction of H F. Osborn. (Courtesy of the American Museum 
of Natural History, from Scott’s “Geology,” by permission of Tho Mac- 
millan Company ) 

Well-preserved specimens are known whose lengths are from 75 to 
90 feet, and recently one has been discovered in Utah which it is 
thought will, when mounted, show a length of over 100 feet. It has 
been estimated that one of these large brutes must have weighed 
about 40 tons. Note the extremely long neck and tail, very small 
head, and strong bones of the four great legs. Thigh bones 7 feet 
long are known. They were five-toed and plantigrade, and doubt- 
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less walked with body well above ground (Fig. 193). All were 
plant-eaters and provided with grinding teeth. Sauropods ranged 
through all the Mesozoic except the Tnassic. 

The Stegosaurs are so named because of the double row of great 
bony plates on the back of each of these most remarkable brutes 
(Fig. 194) which attamed a maximum length of 30 to 40 feet. The 
long, powerful tail had several pairs of long spines toward the end 



Pig 193 

The hugest of all known Dinosaurs, a Sauropod, Diphdoeus. A mounted 
skeleton in the Carnegie Museum of Pittsburg measures 87 feet long 
Restored by C. R. Kmght under the direction of H F. Osborn (Courtesy 
of the American Museum of Natural History ) 


instead of plates. As compared with the Sauropods the neck was 
short. They were quadrupedal, four-toed in front, and three-toed 
in the rear. All were plant-eaters. The brains of all Dinosaurs 
were almost incredibly small, even as compared with modem 
Reptiles, and “this was especially true of Stegosaurs. To make up 
for this deficiency they had an enormous enlargement of the spinal 
cord in the sacral region (i.e. over the hind leg). This sacral brain 
— if we may so call it — was ten to twenty times bigger than the 
cranial brain. It was necessary in order to work the powerful hind- 
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Fig 194 


A Stegosaur, an armored Dinosaur. Maximum length 30 to 40 feet. Re- 
stored by C R Knight. (By permission of F A. Lucas and Doubleday, 
Page and Company, and courtesy of Henry Holt and Company ) 

legs and taiP' (J. Le Conte). Stegosaurs existed through all of the 
Mesozoic except the Triassic. 

Triceratops was another strange-looking creature, so named be- 
cause of its three horns — two of great size just back of the eyes and 



Fig. 195 

A Triceratops, Triceratops prorsus, of the Dinosaur division of Mesozoic 
Reptiles. Maximum length 25 feet (Skeleton restored by Marsh.) 
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a smaller one on the nose (see Fig. 195). The enormous flattened 
skull had a sharp beak in front. The skull extended backward mto 
an immense hood or cape-like structure. According to Marsh they 
(Triceratops) had the largest heads and smallest brains of the Rep- 
tiles, and hence they must have been exceedmgly stupid. Skulls 6 
or 8 feet long have been found. The four legs and the tail were 
massive and powerful. This creature attamed a length of fully 25 



Fig. 196 


Theropods, AUosaurus agilu, of Iho Dinosaur division of Mesozoic Reptiles 
Restored by C. R. Knight, under the direction of H. F. Osborn. (Cour- 
tosy of the American Museum of Natural History.) 

feet, and it had a bulk about twice that of an Elephant. It was a 
plant-eater and probably not as ferocious as it looked. Good speci- 
mens have been found in the western interior of the United States. 
Triceratops existed only during the Cretaceous period. 

Theropods were carnivorous Dinosaurs, as proved by their 
numerous sharp teeth set m comparatively large heads (see Fig. 
196). They were bipedal, that is they walked on two legs, the 
front limbs having been very small and used only for grasping. 
The toes were armed with sharp claws. The bipedal habit com- 
bined with the long, ponderous tail gave them a sort of Kangaroo 




298 


HISTORICAL GEOLOGY 


aspect. The limb bones were hollow, thus suggestmg a bird-like 
structure. In fact before it was known that the numerous tracks 
m the Newark sandstone of the Connecticut Valley were made by 
creatures of this sort, they were called Bird-tracks.” Theropods 
varied in length from 4 to over 40 feet, and though much smaller 
than many other Dinosaurs, they were probably the most ferocious 
of aU and more than hkely preyed upon the much larger plant- 
eaters. A mounted skeleton of one of these creatures, called 
Tyrannosaurus, in the American Museum of Natural History is 
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Fig. 197 

Dinosaur eggs weathering out of a cliff of Cretaceous strata in Mongolia 
(Courtesy of the American Museum ot Natural History.) 


47 feet long. It represents the greatest known flesh-eatmg land 
animal of all time. The Theropods lived through the whole 
Mesozoic, and they have been found in many parts of the world. 

Ormthopods were in general appearance much like the Thero- 
pods, but they were certainly plant-eaters, as shown by the tooth 
structure. They were bipedal, the hind limbs having only three 
functional toes, giving a sort of bird-like track. The largest of 
these creatures measured 30 feet in length, and when walking 
they must have stood 15 or 20 feet high. Ornithopods ranged 
through all the Mesozoic except the Tnassic. 

Pterosaurs. — These were literal ^'flying-dragons” in Meso- 
zoic time. They varied greatly in size from about that of a 
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Fig. 198 

Unearthing Dinosaur bones in Bone Cabin Quarry, "Wyoming. (Courtesy 
of the Amcncan Museum of Natural Histoiy ) 


sparrow to others with a spread of wing of 25 feet, which is about 
twice that of any modem Bird. Not only did they include the 
largest creatures which ever flew but, on account of their hollow 
bones, their skeletons were wonderfully light. One finger of each 
front limb was enormously lengthened to support the flying 
membrane, as shown in Fig. 199. The other fingers were armed 



Fig. 199 

A Rhamphorhynohus of the Pterosaur division of Mesozoic Reptiles. 
Spread of wing about 2 feet. (Restored by Marsh.) 
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with sharp claws. In general we may recognize two groups. 
One group was typified by the Pterodactylj which had a short, 
stout body, short tail, and moderately long neck. The earlier 
Mesozoic forms were supplied with sharp teeth, while the Creta- 
ceous forms were mostly toothless. The other group, typified by 
the Rhamphorhynchus (Fig 199), had long tail, and in one species at 
least the end of the tail was expanded into a sort of rudder. Many 
wonderfully preserved specimens of Pterosaurs have been found, 
some with even the wmg membranes preserved. Pterosaurs 
ranged from the late Tnassic to the close of the Mesozoic. 

The Pmncipal Surviving Mesozoic Reptile Groups 

Though overwhelmed by the Reptiles above described and of 
less peculiar interest because they represent groups still living, 
certain other Mesozoic Reptiles deserve brief mention. 

Turtles date back at least to the middle Triassic, and even 
those very early forms clearly showed the familiar structure which 
easily separates them from other Reptiles. 

Lizards are known even from the Triassic, and, though they 
ranged through the Mesozoic, they were always small and com- 
paratively rare. 

Crocodiles made their first appearance in the Jurassic, and some 
were marine forms. In appearance they resembled the modern 
Gavial of India, particularly as regards the long, slender snout. 
Crocodiles were numerous from the Jurassic to the end of the 
Mesozoic. 

Snakes are not known to have appeared till late in the Cre- 
taceous, and those early forms were small and comparatively rare. 



CHAPTER XVII 


SUMMARY OF MESOZOIC HISTORY 

Although the Mesozoic was quite certainly shorter than the 
Paleozoic, it must, nevertheless, have had a duration of at least 
some millions of years. As the name indicates, the Mesozoic was 
the era of transition between the Paleozoic and the Cenozoic. 
Eastern North America had been to a large degree completed at 
the time of the Appalachian Revolution, except for the addition of 
the Atlantic and Gulf Coastal Plain belts. In western North 
America, however, profound physical geography changes took 
place, bringing that part of the continent almost to its present 
condition, as regards relations of land and sea, only near the close 
of the Mesozoic. The life of the Mesozoic, too, was distinctly 
intermediate in character, those of the great groups of character- 
istic Paleozoic organisms which did continue into the Mesozoic 
having become extinct during the era, while many more modern 
groups showed great development during the era. Certain other 
important groups of organisms like the Cycads, Ammonites, and 
Reptiles, were eminently characteristic of the Mesozoic and reached 
their culmination during the era. 

Mesozoic Rocks 

The late Triassic stratified rocks of the Atlantic Coast are 
sandstones, conglomerates, and shales, mostly of continental origin, 
though in part at least probably of estuarine origin. Rocks of the 
Triassic in the western interior are chiefly the Red Beds (shales, 
sandstones, and limestones), with more or less salt and gypsum, of 
terrestrial or lacustrine origin. On the Pacific Coast the strata are 
of true marine origin and they consist of all sorts of typical sedi- 
ments. 

Jurassic strata are whoUy confined to the western interior and 
Pacific borders, where they are all typical marine sediments, except 
the earlier Jurassic beds of the western interior, which are of con- 
tinental origin and probably also include some ]]^d Beds. 
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Lower Cretaceous strata occur on the Atlantic and eastern 
Gulf coasts, where they consist almost entirely of unconsolidated 
sands and clays of continental origin. The Lower Cretaceous 
strata in the Texan region are made up chiefly of more or less 
consolidated sands, sandstones, and chalky limestones of marine 
origin, with continental deposits at the base In the western 
interior regions of both the United States and Canada, the strata 
rather doubtfully of this age are probably of continental origin. 
On the Pacific Coast there are great thicknesses of marine Lower 
Cretaceous strata. 

Upper Cretaceous deposits of the Atlantic and eastern Gulf 
regions are mostly sands, clays, marls, and greensands, with some- 
chalky limestones toward the south. These are very largely of 
marine origin. In Texas and the western interior the Upper Cre- 
taceous beds are there mostly marine sandstones, shales, and 
chalky limestones, though some continental deposits (including 
coal) also occur, especially in the latest Cretaceous. On the 
Pacific Coast typical marine beds occur. 

Some Igneous rocks, both volcanic and intrusive, occur in the 
Atlantic Coast Triassic. Large quantities of volcanic rocks of 
Triassic and Jurassic ages, and some of Cretaceous age, occur on 
the Pacific Coast, especially in British Columbia. TremcndouvS 
masses of Late Jurassic granite and diorite occur on the Pacific, 
particularly m the Sierra Nevada Mountains and m the moun- 
tains of southern Califorma, 

In general the thickness of the Mesozoic group of rocks is not 
nearly as great as that of the Paleozoic, but more locally remark- 
able thicknesses of strata are represented in even single systems, as 
in the case of the Triassic beds of the Atlantic border (10,000 to 
15,000 feet thick), or the Lower Cretaceous beds of the Pacific 
border (fuUy 26,000 feet thick). 


Physical History 

Relations* of Land and Sea. — Throughout the era, except 
during parts of the Cretaceous, North America was very largely 
dry land, thus being in marked contrast with the Paleozoic condi- 
tion of the continent. The eastern half or two-thirds of the conti- 
nent, except the Atlantic and Gulf borders during part of the 
Cretaceous, was continually dry land, while the western part of 
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the continent was subject to varying marine, estuarine, lacustrine, 
and desert-basin conditions. The reader should review the 
paleogeographic maps. 

Early in the Mesozoic era, or Tnassic period, eastern North 
America was all dry land; continental and some marine deposits 
were forming in the western interior of the United States ; and the 
Pacific border was mostly occupied by marine waters. Later m the 
Triassic the same conditions prevailed m the west, but long, 
narrow troughs wore formed along the Atlantic side in which were 
deposited the thick continental and estuarine (Newark) deposits. 
At the close of the Tnassic, or beginning of the Jurassic, there was 
enough crustal movement to convert the basins (Newark) of depo- 
sition in the east into dry land, while on the Pacific Coast the sea 
withdrew, thus leaving the whole continent land 

During the Jurassic the Pacific Coast again showed a strong 
tendency to be submerged, and in the later Jurassic a transgression 
of the sea took place from Alaska southward over the Rocky 
Mountain region as far as central Arizona. During the whole 
Jurassic eastern North America was land, and at the close of the 
period the whole continent was land. 

During the Lower Cretaceous there was enough subsidence of 
the Atlantic and eastern Gulf borders to produce flood-plains, 
lakes, and marshes in which were deposited the Potomac series of 
sands, gravels, clays, etc. About the same time the continental 
(Trinity) deposits, followed by the marine Fredericksburg and 
Washita beds, were accumulating over the western Gulf (Texan) 
regions and southern western intenor regions, and contmental 
deposits were forming over the northern western interior region 
just west of the site of the Rockies. During the Lower Creta- 
ceous on the Pacific border there accumulated very thick marine 
deposits just west of the newly formed Sierra Nevada, especially 
in the Great Valley of California. Marino deposition also took 
place along much of the coast north of California. 

The Lower Cretaceous closed, or the Upper Cretaceous opened, 
with the eastern part of the continent all undergoing erosion; a 
general submergence of the western Gulf (Texan) and southern 
western interior regions; and considerable deformation and uplift 
of the strata in parts of the Coast Range district. 

At the opening of the Upper Cretaceous the condition of the 
continent was essentially that just described for the close of the 
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TABULAR SUMMARY OF MESOZOIC LIFE 



Pianist 

Protozoans 

Porifers and 
Coelenterate'^ 

Echinoderm\ 

CRETACBOtrS 

Cryptogams and 
Gymnoaperms 
Much like earher 
Mesozoic 

Augiosperms Mono- 
cotyledons and Di- 
cotyledons attain 
supremacy among 
plants 

Foramimfers 
and Kadiolari- 
ana Profuse 

Sponges and Corals 
Abundant and 
much like those of 
the Jurassic 

Crmoids Greatly 
reduced 

Asterozoans Pres- 
ent 

Echinoids Both 
regular and irregu- 
lar forms coniinon 

Jurassic 

Crsrptogams Much 
like Triaasic 
Gymnoaperms Cy- 
oads culminate, 
Conifers more mod- 
ern in aspect 

Foramimfers 
and i 

Radiolarians 
Very abundant 
and highly di- 
versified 

Sponges Very 
abundant 

Corals Abundant 
and all are Hoxa- 
coralla of modern 
appearance 

Crmoids Very pro- 
fuse and notably 
large 

Asterozoans Pres- 
ent and of modem 
appearance 
Echinoids Abun- 
dant, with first ir- 
regular, more mod- 
ern forms. 

Triassic 

Thallophytes 
Bryopnytes 
Pteridophytes Ly- 
copods almost ex- 
tinct, Ferns and 
Equisetse common 
Gymnoaperms Cor- 
daites oecome ex- 
tinct, Cyoads and 
Conifers prominent 

Foramimfers 

and 

Radiolarians* 

Present 

Sponges* Present 
Corals Very abun- 
dant, especially the 
more modern Hoxa- 
coralla, ancient 
Tetracoralla be- 
come extinct 

Crmoids* Common 
Asterozoans 

Present 

Echinoids Common 
and all are regular 
forms of ancient as- 
pect 


Lower Cretaceous. Early in the Upper Cretaceous, marine waters 
spread over practically aJl of the Atlantic and eastern Gulf Coastal 
Plain areas. At the same time “Appalachia,” which had boon so 
long persistent, became submerged. The Texan and western in- 
terior areas were marked by the deposition of the marine sandstone 
early in the period. At the same time the western edge of the 
continent was submerged under the sea. 

In middle Upper Cretaceous time, the Atlantic Coast and east- 
ern Gulf distncts continued much as in the earlier Upper Creta- 
ceous. The western Gulf and western interior districts, however, 
were marked by a vast transgression of the sea from the Gulf to 
the Arctic, while the Pacific border continued as earlier in the 
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TABULAR SUMMARY OF MESOZOIC 11¥E — Continued 


Molluscoids 

MoUusks 

Arthropods 

Vertebrates 

Bryozoans 

I?resent 

Braehiopod's Only 
a few genera and 
species remain, 
and these are of 
rather modern as- 
pect 

Pelecypods and Gastro- 
pods Abundant andaim- 
ilar to Jurassic, but more 
modern 

Cephalopoda Still very 
abundant and much like 
those of the Jurassic with 
uncoiled to even straight 
Ammonoids (e g Bacu- 
htes) common Ammo- 
noids and Belemmtos 
become extinct Di- 
branohs common 

Eucrustaceans Much 
like Jurassic, but 
Brachyurans (Crabs) 
greatly increased 

Insects Much like 
Jurassic but even 
more modern types 
appear 

Pishes Selachians abun- 
dant, Dipnoans rare, 
Ganoids common, Tele- 
osts predominate 
Amphibians Very sub- 
ordinate 

Reptiles* Abundant, but 
Enaliosaurs, Dinosaurs, 
and Pterosaurs become 
extinct Snakes appear 
Birds Much increa^ 
Mammals Simple, rare 

Bryozoans 

Present 

Brachiopods Still 
more diminished 
and not many spe- 
cies 

Pelecypods Similar to 
Tnaasic, but increased 
Gastropods Ditto 
Cephalopoda* Nautiloida 
or coiled forma only and 
common, Ammonoids 
(e g Ammonites) culmi- 
nate, with development 
of some uncoiled to even 
straight forms, Di- 
branchs become profuse 
(eg Bolemmtes) 

Eucrustaceans Ma- 
crurans (e g Lob- 
sters) common, and 
Brachyurans (eg 
Crabs) first appear, 
though rare 

Insects Abundant 
and diversified, first 
appearance of high- 
est forms, e g Flies, 
Butterflies, Ants and 
Bees 

Fishes Selachians com- 
mon, Dipnoans rare, 
Ganoids common, Tele- 
osts first appear, but 
rare 

Amphibians* Fossils? 

Reptiles: Much like Tn- 
aasic, but more common 
and varied 

Birds First appear (eg 
Aroheopteryx) 

Mammals Simple, rare 

Bryozoans 

Present. 

Brachiopods 
(Iroatly dimin- 
ished and those 
with curved-hinge 
lines prevail for 
the first time. 

Pelecypods and Gastro- 
pods Prominent and as- 
sume more distinctly 
modern aspect 
CephalopoOB* Nautiloids 
common, with straight 
forms (Orthooeras) be- 
coming extinct, Ammo- 
noids common, witlicom- 
plex sutures (e g Cera- 
tites and Ammonites), 
IDibrancha first appear. 

Buorusiaceans Ma- 
crurans (e g Lob- 
sters) first appear. 

Insects Common 
and mostly simpler 
forms but first Bee- 
tles appear. 

Pishes. Selachians, Dip- 
noans and Ganoids much 
as m late Paleozoic time 

Amphibians Deohmng 
but largo 

Reptiles Abundant and 
varied, e g Enaliosaurs, 
Dinosaurs, and Ptero- 
saurs, first Turtles and 
Lizards 

Mammals. First and rare 


Upper Cretaceous. In very Late Cretaceous time there was a 
general withdrawal of the sea. 

Mountain Making. — The Jurassic period was closed in the 
west by the “Sierra Nevada Revolution,” when strata of great 
thickness were folded into mountains along the present site of the 
Sierra Nevada, and probably also the Cascades. There was also 
some deformation in the region of the Coast Ranges. 

The Mesozoic era was closed by one of the most profound 
physical disturbances in the post-Proterozoic history of North 
America, if not in the world, — the “Rocky Mountain Revolu- 
tion,” — when strata were more or less deformed by folding and 
faulting throughout much of the Rocky Mountain system. At 






306 


HISTORICAL GEOLOGY 


the same time the whole eastern side of the United States, includ- 
ing the Appalachians, which had been worn down to a peneplain, 
was distinctly upraised without renewed folding of the rocks. 

Igneous Activity. — While the later Triassic (Newark) sand- 
stones were forming on the Atlantic Coast, there were considerable 
intrusions and extrusions of igneous rocks, now represented by such 
masses as the Palisades of the Hudson and the Holyoke Range of 
Massachusetts. 

Great masses of plutonic igneous rock were intruded during 
Late Jurassic time as an accompaniment of the Sierra Nevada 
Revolution, and there was much volcanic activity from northern 
California to Alaska during Mesozoic time. 

Accompanying the Rocky Mountain Revolution there were 
tremendous outpourmgs of lava m the western portion of the 
continent. 


Climate 

The character and distribution of organic remains, both plant 
and animal, rather clearly prove the climate of the Mesozoic to 
have been mild to possibly even warm temperate, with an appre- 
ciable distmction of chmatic zones, though not at all comparable 
to those of the present. Warm temperate plants of the Cretaceous 
are found even within the Arctic circle. 

In early Mesozoic time and climate conditions must have pre- 
vailed over the western interior of the United States, as shown by 
the Red Beds with some salt and gypsum. 

There is no good evidence of glaciation in the Mesozoic. 


Organic History 

“The life of the Mesozoic constitutes a very distinctly marked 
assemblage of types, dififenng both from their predecessors of the 
Paleozoic and their successors of the Cenozoic. In the course of 
the era the plants and marine invertebrates remain throughout the 
era very different from later ones. Even in the Vertebrates, how- 
ever, the beginning of the newer order of things may be traced.'^ ^ 
Among plants the Ferns, Cycads, and Conifers predominated 
during the earlier Mesozoic, but later in the era the Angiosperms, 

1 W. B. Scott, introduetzon io Geology , 2iid cd , p. 655. 
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including both Monocotyledons and Dicotyledons, first appeared 
and very soon predominated. 

Among animals the absence of certain characteristic Paleozoic 
groups should be noted, such as Cystoids, Blastoids, Tnlobites, 
and Eurypterids. Other Paleozoic groups continued into the early 
Mesozoic and then either became extinct or very greatly diminished 
such as the ancient Corals (Tetracoralla), Brachiopods, Orthoceras, 
and Amphibians, Some of the more important groups which made 
their first appearance in the Mesozoic era and developed notably 
were modern Echinoids (c. g. Sca-urchms), modern Eucrusta- 
ceans (eg Lobsters and Crabs), highest Insects, Teleost Fishes, 
primitive Birds, and small, primitive Mammals. Reptiles, which 
began in the very late Paleozoic, developed marvellously during 
the era, thus justifying the application of the term ^‘Age of 
Reptiles” to the Mesozoic. 

As was the case toward the close of the Paleozoic era, so the 
mighty crustal disturbances of mountain-making and general up- 
lift which affected many portions of the earth in late Mesozoic and 
early Cenozoic time produced profound changes in the natural 
environment, which in turn caused important changes in the or- 
gamc world. The rule of the mighty Enaliosaurs, Dinosaurs, and 
Pterosaurs gave way to the reign of the more intelligent Mammals; 
Angiosperms dominated the plant world; Belemnites, the marvel- 
ous group of Ammonoids, and the toothed Birds disappeared; the 
highest types of Insects appeared; and Teleosts prevailed among 
the Fishes. 

On the accompanying chart the author has brought together 
in concise form the salient facts regarding the life of the Mesozoic. 
In regular order, the principal successive changes m the sub- 
kingdoms and classes of plants and animals are graphically 
represented. 
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CHAPTER XVIII 
THE TERTIARY PERIOD 
Origin of Name, Subdivisions, Etc. 

The Cenozoic era is often called the '^Age of Mammals'’ be- 
cause, for the first time, these most highly orgamzed of all animals 
became abundant and diversified and were masters of the land. 
Plants and ammals both took on a decidedly modern aspect, with 
species of living organisms represented for the first time, some even 
in the early Cenozoic and many during the later portion of the era. 

The name “Tertiary” has entirely lost its original significance, 
but has, nevertheless, become thoroughly fixed m the literature of 
geology. In the early days of the science, the whole known 
geological column was divided into three groups of rocks, and later 
into four groups, namely: Primary, Secondary, Tertiary, and 
Quaternary. After the discovery of rocks still older than these, the 
term Primary was replaced by Paleozoic; Secondary by Mesozoic; 
while Tertiary and Quaternary have been retained as subdivisions 
of the Cenozoic. 

Following are the subdivisions of the Tertiary system now 
recognized as world-wide in application: 


Tertiabt 

System 


Sir Charles Lyell first divided the Tertiary into Eocene, Miocene, 
and Pliocene on the basis of percentage of living species repre- 
sented in each series, there being very few in the earliest and a 
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Pliocene senes 
C^More recent”), 
Miocene senes 
(“Less recent”) 
Oligocene series 
(“Little recent”). 
Eocene series 

(“Dawn of recent”). 


> Upper Tertiary. 


^ Lower Tertiary. 
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very large percentage in the latest series. Later the Oligocene was 
added by combining some of the uppermost Eocene with some of 
the lowermost Miocene, though in North America the term Oligo- 
cene has been but little used till very recently, and even now such 
strata are not always separately differentiated. 

Following are some of the principal subdivisions of the Ter- 
tiary as now recognized in various parts of the United States: 




TERTIARY 

SYSTEM 



Upper Tertiary 

Lower Tertiary 


Phocenc 

Miocene 

Oligocenc 

Eocene 

Middle Atlantic 
Coastal Plain 

Lafayette 

(Phocene’) 

Waccamaw 

Chesapeake 

1 S -a ' 
salt 
^ ^ ^ t 

iP 

S O O 

Not exposed north 
of South Carohna 

Castle Hayne 

Trent 

Nanjemoy 

Aqma 

Gnlf Coastal 
Plain 

Citronelle 

Caloosahatchee 
(Florida only) 

Jacksonville and 
Choctawhatchee 
(Florids) 
Pascagoula 
(Alabama) 

Oakville 

(Texas) 

Apalachicola 

Vicksburg 

Jackson 

Claiborne 

Wilcox 

ilidway 

Western 

Interior 

? 

Blanco 

Repubhean River 

Loup Fork 

Florissant 

Arikaree 

John Day 

White River 

IflJI 

Southern 

California 

Fernando 

1 s 

IModelo 

(Puente) 

Topanga 

VaqueroB 

Sespe 

« 1 1 
III 


Exact correlations of the various formations in these widely 
separated regions are not meant to be implied in the above table. 
Also these sets of strata contain various unconformities. 
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Distribution anb Character of the Rocks 

General Distribution. — Lower Tertiary (Eocene and Oligo- 
cene) strata appear at the surface in North America over the areas 
indicated on map Fig. 200. Disregarding the countries south of 



Fig. 200 

Map showing the surface distnbution (areas of outcrops) of Lower Tertiary 
(Eocene and Oligocene) strata in North America Tertiary lavas are 
separately shown on map figure 219. (Modified by W. J. M. after Willis, 
U. S. Geological Survey.) 
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the United States, there are, in general, four regions: Atlantic and 
Gulf Coastal Plain; western interior; Pacific Coast; and Alaska. 
The discontinuity of the areas on the Atlantic and Gulf Plain, 
especially the former, is due to the fact that later deposits overlap 
and conceal the Lower Tertiary strata in places. The Lower 
Tertiary strata extend oceanward or Gulfward under much or all 
of the Coastal Plain. In the western mterior the numerous dis- 
connected areas are chiefly due either to deposition in separate 
basins or removal of the strata from some places by erosion. On 
the Pacific Coast, Lower Tertiary strata appear mostly as small, 
narrow belts, because only the eroded edges of the upturned and 
folded rocks are visible in the mountains. Such strata are in reality 
much more extensively developed than these surface areas seem to 
indicate. There is no evidence that Lower Tertiary strata were 
deposited over any other parts of the continent than those above 
mentioned. 

Upper Tertiary (Miocene and Pliocene) strata show a surface 
distribution as indicated on map Fig. 201. In general this dis- 
tribution is much like that of the Lower Tertiary. On the Atlantic 
and Gulf Coastal Plain, it is quite the rule that the Upper Tertiary 
beds form a somewhat discontinuous belt between the continental 
margin and the belt of Lower Tertiary beds. Upper Tertiary 
strata are more extensive at the surface than Lov/cr Tertiary on 
the Atlantic Coast and less extensive on the Gulf Coast. The 
margin of the continent, as well as much of Florida, are occupied 
by Quaternary deposits which are, mostly at least, underlain by 
the Upper Tertiary. In the western interior a large, nearly continu- 
ous area extends from northern Texas into South Dakota. The 
comparatively small, disconnected areas in the northwestern 
United States mostly represent deposition in separate basins. 
On the Pacific border of the United States the Upper Tertiary 
outcrops extensively as long, narrow bands, due to the fact that 
usually only the edges of the upturned strata are exposed. In 
British Columbia and Alaska Upper Tertiary rocks are only 
slightly developed. It is not known that late Tertiary strata ever 
occupied any other portions of the United States or Canada than 
those above mentioned. 

Atlantic Coastal Plain Strata. — Lower Tertiary (Eocene) 
strata are only slightly exposed to view, while those of Upper 
Tertiary (Miocene and Pliocene) age are extensively exposed in the 
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Atlantic Coastal Plain. AH the formations, except possibly the 
Lafayette, are there of marme origm and usually very fossdifcrous. 



Fig. 201 

Map showing the surface distribution (areas of outcrops) of Upper Tertiary 
(Miocene and Pliocene) strata in North Amenca. (Modihed by W. J. M. 
^ter Wilhs, U S. Geological Survey.) 

The Eocene formations consist very largely of greensand marls 
and some clays. They show a maximum thickness of about 260 
feet in Maryland and rest unconformably upon the older do- 
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posits. Oligocene strata have not been recognized north of South 
Carolina. 

The Miocene beds are well developed, with a maximum thick- 
ness of nearly 500 feet. They arc made up mostly of sands, clays, 
and marls. 

The Pliocene is represented by the marine Waccamaw forma- 
tion, which consists mostly of buff sands with some quartz pebbles 



Fig. 202 

Eocene sandstone resting by sharp contact upon Upper Cretaceous white 
chalk in Alabama. (After L W. Stephenson, U. S Geological Survey, 
Prof. Paper 90-J.) 

and shell marls. The Pliocene is also thought to be represented 
by the problematical Lafayette formation (see below), which com- 
prises sands, clays, loams, and gravels often rich in iron oxides. 
Its thickness seldom exceeds 50 feet. Lack of fossils makes it 
uncertain whether the formation is late Pliocene or early Pleisto- 
cene in age. 

Gulf Coastal Plain Strata. — Here the Lower Tertiary (Eocene 
and Oligocene) strata are much more extensive at the surface 
than the Upper Tertiary. Both marine and non-marine deposits 
arc present, with the former predominant. 
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The Eocene formations are much thicker (1700 feet maximum) 
than on the Atlantic Coast- Also the deposits are quite distinctly 
hardened into sandstones, shales, and limestones, with much lig- 
nite in some places. 

The Oligocene is well represented by the Vicksburg limestone 
formation and the Apalachtcola formation, which latter is very 
variable but mostly made up of limestones, marls, sands, and clays. 
These two formations are usually only a few hundred feet thick. 

Miocene strata are represented in Florida by the Jacksonville 
limestone and Choctawhatchee marl, m the Alabama region by the 
Pascagoula bluish clay formation, and in Texas by the Oakville 
limestone formation. A maximum thickness of fully 1600 feet is 
attained in Texas. 

The Pliocene is represented in Florida by the marine Caloosa- 
hatchee marl formation, but throughout the rest of the Gulf C3oast 
the Citronelle formation appears to be the only representative of 
the Pliocene. 

Western Interior-Great Plains Strata. — All Tertiary strata 
of the western interior are of non-marine origin, and they compriwse 
lake, river, alluvial-fan, and wind deposits, with some volcanic ash 
and tuff (I\g. 203). 

Of the Eocene deposits, the Wind River variegated shales, to- 
gether with some sandstones and volcanic ash, are terrestrial 
(mostly fluviatile) deposits several hundred feet thick in Wyoming; 
the Wasatch variegated clays, shales, and sandstones, togetlicr with 
some coal, are very largely terrestnal deposits up to several thou- 
sand feet thick in Utah, western Colorado, and Wyoming; the 
Green River shales are lacustrme deposits just to the north and 
south of the Umta Mountains; the Bndger beds, many hundreds 
of feet thick, are mostly volcanic dust, with some shales, etc., 
deposited partly on land and partly in shallow lakes in western 
Wyoming and northern Utah, while the San Juan formation, 
probably of the same age, is a great volcanic tuff deposit up to 
2000 feet thick m Colorado ; and the Uinta shales, sandstones, etc., 
are chiefly of terrestrial origin in western Wyoming, northeastern 
Utah, and northwestern Colorado. 

Oligocene strata, represented by the White River formation of 
moderate thickness, occupy extensive areas in Wyoming, western 
South Dakota, western Nebraska, and eastern Colorado. The 
formation consists of clays and sandstones, with some limestone 
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and volcanic ash, variously deposited in lakes, by rivers, by 
wind, etc. 

The John Day formation of eastern Oregon consists mainly of 
volcanic ash beds several thousand feet thick. It is rich in fossil 
land-animals. 

The Miocene, far less thick than the Eocene, is represented 



Fig. 203 

Eoceno-Oligocene strata as seen in the Wind River 
Basin of Wyoming. 5, Eocene sandstone; 4) 7', 

Eocene sandstone and shale; P, Oligocene volcanic 
dust and marl. (After Sinclair and Granger, Amor. 

Mus. Nat. Hist., BuL 30.) 

toward the base by the Ankaree formation of chiejdy soft sand- 
stones some hundreds of feet thick in South Dakota, Nebraska, 
and Wyoming; toward the middle by the Florissant beds, which 
consist of laminated shales formed by deposition of fine volcanic 
ash in a small lake in Colorado and remarkable for the great num- 
ber of insects and plants contained in it; and toward the top by 
the Loup Fork beds, which form thin deposits of fine sands and 
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marls (both subaenal and lacustrine) over extensive areas from 
South Dakota to Mexico. 

Pliocene deposits formed in many parts of the western interior, 
but for most part they are dijficult to separate from the later 
(Pleistocene) deposits. They are mostly of terrestrial origin, 
though probably with some lake deposits. Two formations which 
have been described as Pliocene east of the Rockies are the Repitb- 
hcan River of Kansas and Nebraska, and the Blanco of northern 



Fig 204 

Nearly white, gently dipping Miocene (Modelo) shale on Miilhol- 
land Drive, Los Angeles, California Fossil Fishes occur at thus 
locality. (Photo by the author.) 

Texas and Nebraska. Other Phocene deposits quite certainly 
occur west of the mam axis of the Rockies. 

In addition to the Tertiary beds above described in the wostem 
interior, there are also many small to large deposits, especially of 
Miocene and Pliocene ages, in the northwestern United States 
and the Great Basin between the Rocky and Cascade Mountains 
(see map Fig. 201). For most part these formations have not been 
carefully studied, though it is known that they represent all types 
of continental deposits. 
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Pacific Coast Strata. — Tertiary marine strata, together with 
some brackish and fresh water deposits, are eictensively developed 
west of the Sierra Nevada and Cascades, and along the southern 
coast of Alaska. 

Eocene strata are prominently developed in California, Oregon, 
Washington, and Alaska. They are mostly of marine and brackish 



Fig 205 

Soft white diatomaceous Miocene shale m southern Cahfomia. (After Arnold, 
U. 8. Geological Survey, Bvl 322 ) 


water origin and very thick (maximum 8000 to 12,000 feet). 
They are chiefly sandstones and shales, but with locally developed 
tuffs, conglomerates, and diatomaceous shales. Some Eocene 
strata of Alaska and Washington are of palusttine origin and 
contain coal. 

Oligocene strata are much less widely distributed than the 
Eocene. The deposits are mostly sandstones and shales of marine 
origin in western Washington and Oregon, and in middle-western 
California. In southwestern California the Sespe formation is a 
non-marine red sandstone about 4000 feet thick. 
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Miocene marine strata are about as prominently represented on 
the Pacific Coast as the Eocene, the beds being very largely sand- 
stones and shales, often with much diatomaceous shale, especially 
in the Upper Miocene (Fig. 205). The Miocene strata in Cali- 
fornia reach a maximum thickness of 15,000 to 20,000 feet, the 
Modelo formation alone being 9000 feet thick west of Los Angeles. 
Miocene is also well developed on the Pacific border of Alaska. 

Phocene marine strata are far less extensively developed on the 
Pacific Coast than the Miocene, the principal areas being in the 



Fig 206 

Soft volcanic tuff and shaly sandstone of late Tertiary age in Red Rock Canyon 
north of Mojave, Calif orma. The cliff, about 200 feet high, is remarkably 
sculptured by ram-wash. (Photo by the author.) 

Coast Ranges of California, the southwestern border of California, 
and several small areas on the coast of Oregon and Washington. 
Phocene fresh-water beds are widely developed in the southern 
half of the Great Valley of California. The maximum thickness of 
the marine Pliocene is at least 4000 to 5000 feet to the south of 
San Francisco, and 5000 to 6000 feet (Fernando formations) in 
Los Angeles County. 

Volcanic ash deposits of later Tertiary age reach a thickness 
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of several thousand feet in the western Mohave Desert of California 
(Fig. 206). 

Thickness of the Tertiary. — In the above descriptions some 
details have been given regarding the thickness of Tertiary for- 
mations. To summarize for the 
whole Tertiary, the maximum ^ 

thickness of the whole system i-d 2, 3 ^ g I 

(not including igneous rocks) g p-| 

on the Atlantic Coast is less than g ^ ^ I g 

1000 feet, on the western Gulf i 

Coast between 3000 and 4000 
feet; in the western mterior I | 

many thousands of feet, though ^ 1. ? ^ ^ g: 

usually not more than a few 
thousand feet occur in any one ^ In' ^ 
locality, because in no case are ^ S, ^ 
all the formations present; and S. 

on the Pacific Coast fully 30,000 S I ^ I' | m 
feet, with a thickness of 10,000 | ® ^ 

to 20,000 feet shown in many 8 g ^ g 

districts. According to these ^ |» g | 

figures it is seen that the thick- P § I* 
ness of the Tertiary system is B. g g g 
comparable to that of ordinary 
Paleozoic or Mesozoic systems. ^ 

Igneous Rocks. — In the 
above descriptions, attention has ^ S* » g ^ g 
been wholly given to a consid- ^ ^ 

eration of the sedimentary rocks | g 

(including some tuffs and vol- g 
canic ash deposits), but the 
igneous rocks of Tertiary age ^ 

are also of very groat extent and “ g S. 3 o 
importance, particularly m the ^ M * '< ® «» 
northwestern part of the United States. This igneous activity will 
be discussed below in connection with the Tertiary physical history 
of North America. 

Phtsical Histoet 

In the interest of more clearly presenting an outline of our 
unusually detailed knowledge of the complicated physical history 
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of this comparatively recent (Tertiary) period, we shall depart 
slightly from our ordinary method by considering first the relations 
of land and water, basins of deposition and character of sediments 
in different parts of the continent, etc., after which will follow a 



Fig 208 

Paleogeographic map of North America durmg Eocene time. White areas, 
land, ruled areas, sea The situation was very similar to this in the Ohgo- 
cene, but with much less water m California. (Principal data, modified by 
the author, from maps by B WiUis and C. Schuchert.) 

discussion of the development of rehef features in the east and 
west, and mountain making and igneous activity in the west. 

Atlantic Coast. — During most of the time from Eocene to 
Miocene inclusive, much of the Atlantic Coastal Plain (including 
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Florida) was occupied by marine water (see Figs. 208, 209). Cer- 
tain unconformities, especially between the Eocene and Miocene, 
show that there were some retrogressions and transgressions of the 
sea. During Eocene time the newly added belt of Cretaceous de- 



Fig. 209 

Pfileogoographic map of North America during lator Miocene time White 
iiroas, land; ruled areas, sea. (Principal data, modified by the author, 
from a map by B. Willis.) 

posits lay along the shore, and the Eocene strata are known to have 
been mostly derived from the Cretaceous and in part from the 
more inland older formations. In general, it may be said that, to 
and including the Miocene, there was a tendency to push the shore 
line gradually farther eastward by the addition of strips of land. 
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With the possible exception of the Lafayette, which is usually 
regarded as of Pliocene age, the only marine strata of Pliocene age 
comprise the comparatively thin Waccamaw formation on the 
middle Atlantic Coast. 

The Lafayette deposits of North Carohna, according to Ste- 
phenson and Johnson, “are present as surficial coverings (10 to 40 
miles wide), probably at but few places exceeding 25 to 30 feet 
in thickness, along the northwestern border of the Coastal Plain 
province. They occur for the most part at elevations of from 200 
to 500 feet and form mouth-hke coverings which cap the tops of, 
and lap down over the slopes of, the pre-Lafayette hills. The 
materials consist of sandy loams and sands, as a rule coarse and in 
places arkosic, and having at their base at many places a bed of 
coarse gravel and cobbles.’^ ^ In Maryland the Lafayette is quite 
distinctly terrace-hke. According to one view it is of continental 
ongm and was deposited as a result of “a comparatively rapid 
Pliocene uplift in the Appalachian region’^ (W. H. Dali), which, 
early in the Pliocene, had become mantled with deep residual soil 
so that the revived streams picked up and carried great loads of 
debris which were spread over the relatively flat lands near sea 
level. Another explanation is that the Lafayette was of manne 
origin, due to simultaneous depression of the Coastal Plain district 
and elevation of the Piedmont Plateau and Appalachian areas 
when “streams gorged with detritus from the decayed, uplifted 
Piedmont above rushed down to the sea and poured their contents 
into the ocean ” (G. B . Shattuck) . The most likely view is that the 
Lafayette is a normal marine terrace, much hke the later ones 
below described, and that, “with the successive oscillations of the 
coast hne, terraces have been formed at levels where the sea has 
stood for any considerable period of time^^ (W. B. Clark). Carc^ful 
search has failed to produce any marine fossils from the formation. 

Gulf Coast, — During Eocene-Oligocene time extensive sedi- 
mentation, both marine and non-marine, took place over the Gulf 
Coastal Plain area. The Mississippian emba 3 mient (see Fig. 208) 
extended northward (to the mouth of the Ohio River) as it did in 
the Cretaceous, and the unconformity between the Cretaceous 
and Eocene clearly shows a transgression of the sea over the area 
in Eocene time. Marine conditions in this embayment were, 

1 The Coastal Plain of North Carolina: North Carolina Geological and 
Economic Survey, 1912, p. 359, 
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however/ more or less interrupted as proved by the considerable 
development of non-manne deposits such as ligmte beds. Over 
Florida, the Gulf Coast of Mexico, and much of the coast of Texas, 
true marme deposition went on during practically all of Eocene 
and Oligocene times. 

During Miocene time the Mississippi embayment was greatly 
restricted, but marme waters spread over the southern part of the 
Gulf Coastal Plain from Florida to Mexico, except for a small 
island in Florida, and over the eastern Coastal Plain of Mexico 
(see Fig. 209). 

The presence of some marine Pliocene strata in Florida and 
along the Gulf Coastal Plain border shows those areas to have 
been submerged during portions of Phocene time at least. 

Western Interior-Great Plains. — The extensive folding, fault- 
ing, and lava extrusions which marked the close of the Creta- 
ceous period left the western interior topographically rugged with 
conditions favorable for rapid erosion of the mountains and 
deposition of sediments in the intermontane basins. As the 
character of the Tertiary sediments indicates, all sorts of continen- 
tal deposits were formed, that is in lakes, on river flood-plains, as 
alluvial fans, as wmd-blown deposits, and even as volcanic dust or 
tuff in many places. Marine deposition was wholly lacking. As 
shown by the above statements regardmg the distribution of the 
various formations, it is apparent that the principal areas over 
which sediments were being deposited must have shifted more 
or less. 

That there was very active vulcanism during Tertiary time in 
this western interior region is proved by the presence of so much 
volcamc dust and ash. Also in the great area between the Rockies 
and Sierra-Cascade Ranges, there was tremendous volcanic activ- 
ity, but this will bo described under a separate heading below. 

Many of the Tertiary deposits of the western interior now lie 
at altitudes of from 5000 to 10,000 feet above the sea, and they 
have been somewhat deformed by tilting or warping. 

Pacific Coast. — Summarizing the physical history of the Pa- 
cific Coast during Cenozoic time, Ralph Arnold says in part: 

Following the period of elevation and erosion at the close of the 
Cretaceous, the Eocene was inaugurated by a subsidence below 
sea-level of the greater part of western Washington and Oregon 
and the western part of central and southern California. Volcanic 
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activity was pronounced m the early and middle Eocene. Later 
in the Eocene brackish and freshwater conditions prevailed over 
the same area. . . . The Oligocene was a period of elevation, with 
marine conditions restricted to a much smaller area than in the 
Eocene. . . . ThelowerMiocenemarkeda widespread subsidence 
in the Coastal belt which was followed by a period of mountam 



Fig 210 

“Toadstool Park’', a view m tke Bad Lands of western Nebraska The 
rocks are of Oligocene age. (After Barton, U. S. Geological Survey, Pro/. 
Paper 17,) 


building (Coast Range region) and great local deformation, vulcan- 
ism, etc. . . . The upper Miocene was a penod of subsidence, with 
ideal conditions for maximum deposition of sediments in local ba- 
sins. During Pliocene and early Pleistocene time there was a con- 
tmuation of many of the upper Miocene conditions, except that 
marme environment gave way to freshwater.'" ^ A period of gen- 

^ Ralph Arnold: Outlines of Geologic History ^ by Willis and Salisbury, 


THE TERTIARY PERIOD 


325 


eral elevation and great deformation (folding and faulting) took 
place in the Pliocene and early Quaternary. This included the 
main development of the Coast Range Mountains, and the uplift of 
the Sierra Nevada and southern California fault-block mountains. 



lig 211 

Paloogeographic map of North America during Plioconc time. White areas, 
land; ruled areas, sea (Principal data, modified by the author, from maps 
by C. Schuchert and B. L. Clark.) 

the Coast Range province conditions of sedimentation were 
subject to groat local variation during the Tertiary period. The 
variations were necessary results of the constantly changing 
relations of land and sea caused by the many warping movements 
to which the province was subjected. Tectonic forces were active, 
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with varying degrees of intensity at different times and in dif- 
ferent parts of the Coast Ranges, practically throughout the Ter- 
tiary period.” i Arnold has stated “that within the Tertiary and 
Quaternary penods, relatively short, geologically speaking, as 
compared with the earlier divisions of the time scale, probably 
more distinct and profound movements have taken place on the 



Fig 212 

Map of the northern Appalachian Range showing the system of 
parallel ridges and valleys (After U. S. Geological Survey.) 


western border of our continent than have occurred over an 
equal length of time m any of the preceding periods within the 
limits of North Amenca.” ‘ 

Development of Relief Features in the Eastern United 
States. — The uphft of the great Cretaceous peneplain was an event 
of prime importance for the eastern United States, because it liter- 
ally furnishes us with the beginning of the history of most of the 
existing relief features of the Appalachian district as well as 
New York and much of New England. Hence we assert, with 


1 W A Enghsh: U. S G S., Bui. 768, 1926, p. 16. 

* Ralph Arnold. Outhnes of Oeohgvi History, by Willis and Salisbury 

p. 228. 
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emphasis, that all the principal topographic features of this region 
as we see them today date from the uplift of the Cretaceous 
peneplain, because they have been produced by the dissection of 
that upraised surface. This dissection was largely the work of 
erosion, though more locally (e.g. the eastern Adirondack Moun- 
tains) faultmg has produced notable effects. All the valleys, great 



Fig. 213 

A block diagram representing the geologic structure, the main ridges and 
valleys, and the Delaware Water Gap in Peimsylvania-Dolaware The 
Cretaceous and Tertiary peneplain levels are both indicated (Drawn by 
A. K Lobeok.) 

and small, such as the Champlain, Connecticut, Mohawk, Hudson, 
the Great Lakes valleys, and the valleys of the Appalachians, 
have been produced since the uplift of the peneplain (Fig. 212). 

The uplift greatly revived the activity of the streams, so that 
they became very active agents of erosion, first cutting channels 
through the alluvial deposits, and then into the underlying bed 
rock. Thus those largo original streams had their courses deter- 
mined in the overlying deposits, and when the underlymg rocks 
were reached the same courses had to bo pursued entirely without 
reference to the underlying rock character and structure. Fine 
examples of such (superimposed) streams, which are now entirely 
out of harmony with the structure of the regions through which 
they flow are the Susquehanna, Delaware, and Hudson. Thus the 
Susquehanna cuts across a whole succession of Appalachian ridges. 
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while, in accordance with the same explanation, the Delaware cuts 
through the Kittatmny ridge at the famous Delaware Water Gap 
(Fig. 213). The lower Hudson pursues a course no less out of har- 
mony with the country through which it passes. It flows at a 
considerable angle across the old Taconic folds above the High- 
lands, after which it passes through a deep gorge which it has cut 
through the hard gramtes and other rocks of the Highlands. The 
simple explanation is that the Hudson had its course determined 
upon the surface of the upraised Cretaceous peneplam, and that 
it has been able to keep that course in spite of the discordant 
structures of the underlying rocks. The seemingly anomalous 
courses of the Delaware, Potomac, Susquehanna, etc., are to be 
similarly explained. 

But while the great master streams were thus cutting deep 
trenches in hard and soft rock alike, numerous side streams or 
tributaries came into existence and naturally developed along the 
belts of weak rock and m harmony with the geologic structures. 
This prmciple is especially well illustrated by all of the streams 
now occupying the valleys between the Appalachian ridges (Fig. 
212 ). 

After the uplift of the peneplain, the larger streams cut down 
their channels most rapidly and were the first to reach grade, 
that is a condition in which, because of low velocity, they could no 
longer cut down their channels, though the widening process could 
contmue because of side cutting due to meandering of the streams 
back and forth from one side to the other of the channels. The 
commonly occurring, deep, broad-bottomed, stream-cut valleys, in 
the area under discussion, show that many of the streams had 
reached graded, or nearly graded, condition even by the close of the 
Tertiary (Fig. 213) . In the northern Appalachian district, at least, 
we have evidence to show that after the streams had reached grade 
there was an appreciable renewed uplift of the land which again re- 
vived the activity of the streams. Thus the broad Hudson Valley, 
with mmor hills rising above its surface, was produced when the 
Hudson was well along toward a graded condition and then, as a re- 
sult of this late Tertiary uplift of the land, the present narrow and 
fairly deep inner channel of the Hudson was formed. The Hudson 
did not reach grade in this inner channel, its work having been inter- 
rupted by both the subsidence of the land and the spreading of 
the great ice sheet over the region. 
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This inner channel of the Hudson has been traced for fully 100 
miles eastward beyond the mouth of the present river. The 
Coast and Geodetic Survey has made a detailed map of the ocean 
bottom near New York City, and the submerged channel of the 
Hudson River is clearly shown as a distinct trench cut mto the 
contmental shelf. Even in the Hudson Valley above New York 
City, the narrow inner rock channel has a depth of hundreds 
of feet and is mostly submerged below tide water. Without 
question, this submerged Hudson channel was cut when the 
region was dry land, and thus we have positive proof that, late 
in the Tertiary and possibly extending into the early Quater- 
nary, the region of southeastern New York was notably higher 
than it is today. Conservative estimates place the amount of 
elevation greater then than now at not less than 2000 feet because 
the end of the Hudson channel is submerged to that extent.^ The 
coast was then at what is now the edge of the continental shelf or 
platform about 100 miles east of the present coast line. That this 
greater altitude was before the Ice age is proved by the fact that 
the inner Hudson channel now contains much glacial debris filling. 

By similar reasoning, based upon the drowned valleys of the 
Maine coast and the lower St. Lawrence, we know that all of the 
middle Atlantic seaboard region, at least, was notably higher in 
late Tertiary time than now. 

The Mississippi Valley area also appears to have been notably 
elevated during late Tertiary time, and hence the major (erosion) 
relief features of that great area, as we now know them, have been 
produced by the dissection of that upraised area by streams. 

Mountain Making and Development of Relief in the West.^ — 
In North America, as well as other continents, the Tertiary was a 
period of unusual mountain-making activity. Many of the pres- 
ent great mountain ranges of the earth actually had their birth 
and principal development during this period, while others were 

1 It has been suggested by Chamberlin and Salisbury {Geology^ Vol. 1, 
p. 629) that the very end of the Hudson, and other submerged channels, 
may have been deepened by tidal scouring and, if so, the figure (2000 feet) 
generally given may bo too high. At any rate the Hudson channel at the 
Highlands is submerged nearly 800 feet, which certainly implies an altitude 
of more than 1000 feet greater than now when the river was there actively 
eroding. 

» The topographic infiuence of Tertiary vulcanism in the West will bo 
described under another heading. 
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rejuvenated and brought essentially to their present form and 
altitudes. 

Coast Ranges. — This belt was somewhat affected by doforma- 
tive movements toward the close of the Jurassic, as wo have already 
, . ^ ^ ^ , seen, but probably not more than 

S I .p m ° 8- cham of islands was then devel- 

.S oped. Another tune of moderate 

I *3 S ^ elevation occurred during the 

I I ^ ^ Eocene. The Oligocene was a time 
*1 " of considerable elevation and 
° J erosion m the Coast Range distnct , 
though the relief was only mod- 
[■•■■'VSr .11 erately strong, as shown by the 

1 2 -I § g character of the sediment which 

' I "S M deposited during the Oligocene 

i 9 I "g I § in the limited areas of southern 

^ f 'S « I ^ California and western Oregon and 

Washington 

middle Miocene time there 
4^^.. 53 was important diastrophic activity 

throughout the Coast Range region, 
^ u ^ ^ but especially in middle-western 

Cahfomia. The movements in- 
a "S ° s'’! o volved folding, faulting, and eleva- 
-S I ^ which were locally intense*. 

§.1 Most profound of all Tertiary 

ca .f ^ «r ® -§ o diastrophic activity, however, was 
isJr i-S iJ the real" Coast Range Revolution” 

^ which marked the close of the. 

y|l/ rt I u- 9 3 ffl ^ Pliocene and the early Quaternary 
5pC OQ ^be Pacific Coast. The Coast 

wX ” s' J I 'S’ § "3 Range Mountains were then mainly 
§ 1 1 1 aj I a, produced by uplift accompanied 
|^qso:Sp=H.S by much folding and faulting. 
J Strata of Tertiary age and older, 

many thousands of feet thick, 
were involved in this intense orogenic activity. 

The uplift of the fault-block mountains of southern California 
also began at the close of the Pliocene. 

Other important mountain-making movements took place 
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during the. (iuatomary, wit.h nunoi activity continuing to the 
present time. The comlmiation of the various diastrophie move- 
ments and erosion in t.h(' (ioast Range belt since, early Tertiary 
time has given rise to the Pacific border mountains as we sec them 
today. 

Sierra Nemda and Ca.i^mde Ranges. — As already stated the 
Hierra Nevada Mountains wei-e produced by crusi,al disturbance 
toward the close of tht' .hirassic period. From that, tune t.ill lat.e in 
the Miocene epoch the mountain mass had undergone profound 



Fig 21 r> 

A nearly north-south struchire section througlm jmrt of western Los Angeles 
(tounty, (tiilifornia, proving that, the region was strongly foltUal and 
faulted after late Pliocene (ffaugus) strata wen' di-posiled. Lengtli of 
fieetion, (1.5 miles. Hyinhols: he -= pri'-C’n'taeemis crystalline rocks; 
Ttp Mioei'tie (Toi>angn) sandstoiu'; Tmith, Tmx Miocene (Modi'lo) 
shale and sandstone; Tp ' early Pliocene (IHeo) sandstone; and 7's «■ 
late Pliocene (iSaugus) sandstone. (After W'. S. Ki'W, IF. S. (leologieal 
Hurvi'y, liul 75:j.) 

erosion, so that it was rtHhutt'd to a rangt' of hills or low mouniains 
with no gmat rt'lit'f feat tin's. In otht'r words, it approached the 
condil-itm of a ix'ueplain. 'Phen, hiti' in tlw' Miocent' or early in the 
Pliocene, tht'ix' liegan a tromendous r<'juv(‘nat.ion of the range, 
caused by the development of profound faulting along the eastern 
side. The vast earth-hloek was tilh'd westward witti steep (»astem 
front and long gradual slop<‘ toward the west, with the crest of the 
block fonning the sumtnit of tlie rangt* (Fig. 218). The maximum 
amount of displacement along this fault zone is no less than 1.5,()()0 
feet and, in spite of sulisequent erosion, the fault-Hcari> still stands 
out as a topogmphie featun* usually w'vt'tal thousand feet high. 
That the faulting has not yet ceased is ('vid(‘nc(*d by the Inyo earth- 
qtuiko of 1872, when n renewed displacement of 10 to 25 feet took 
place along the fault zone for many miles. The mighty canyons 
(e.g. YoH(‘mit<') and other ndief features of the K«*rra Nevada 
Mountains aa we know tbi'm today have Ixx'n sculptured out of the 
great tilted earth-block by weathering and erosion. 




Fig 216 

A small anticline in Upper Miocene sandstone and shale on Avenue 64, 
Los Angeles, California. (Photo by the author.) 



Fig. 217 

A large anticline in Upper Miocene strata near Simmler, Han Luis 
Obispo County, California. (Photo by Wayno LocL) 
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The O-ascade Mountains, too, appear to 
have approached the peneplain condition by 
late Tertiary tune, wlien a vigorous re- 
juvenation took place by an arching or bow- 
ing of the surface rather than by profound 
faulting. The old surface, uplifted thousands 
of feet, has been deeply dissected by erosion. 
CJreat. volcanic cones, such as Mt, Rainier 
and Mt. Hood, rise aliove the general level 
of the platform, 

(hratlia^iui andColomdo Plateau , — About 
the same' time (laU'r Tertiary) the whole 
Great. Basin n^gion Ix'twc^en th(^ SicuTa 
Nevada and the Wasat.ch Mountains of 
Utah was also notably affect (kI by faulting. 
The steep western front of the Wasat.ch 
repr(‘sents a profound fault, while many of 
th(‘ north-south Basin R 4 Uigc's of Nevada 
are tilt(‘d (‘arth-t docks (Fig. 21<S). Great 
thmst faults of Tc'rtiary age, involving miles 
of displac('m<mt., have be(‘n found recently in 
sout.h(*rn Nevada. 

The (Vno^oic history of the Golorado 
Plat.(‘au region still pnwnts important prob- 
lems for futur(‘ studies. According to Dutton 
th(^ Plah'au was rais(‘<l, more or less {K'riodi- 
cally, fully 20,000 f<x't during Tertiary iiinc*, 
but its surface now shows an altitude of 
only 7000 to 8(KK) fexd., Ix^cuuse of deep ero- 
sion during its uplift. As a ri^sult of the 
rejuvenation of this n^gion, the (Colorado 
Rivt^r was very activity rt^vived and has 
carvc^l out the (Jrand Ganyon siiice^ th(% 
early T(*rtiary. Lat<*r invt^siigations, how- 
(‘.ver, mnmi to show that the rt^juvenation 
was much later, probably late Pliocene, and 
that most, if not all of the Grand (Janyon, 
is of posf.-Tertiary age. 

Hocky Mountain and WeMem Interior 
Hegiom, — in the Tertiary much of the 
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Rocky Mountain region was also greatly rejuvenated by an uplift 
or upwarp, unaccompanied by folding of the strata. That this 



Fig 219 

Map showing the surface distribution (areas of outcrops) of Tertiary and later 
volcanic rocks in North America. (Modified by W, J M after Willis, 
U S Geological Survey ) 

upwarp amounted to some thousands of feet is distinctly proved 
by the fact that the Miocene beds east of the Rockies are so tilted 
that they are 3000 feet higher close to the mountains than they 
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are farther east. Also the fact that 
many large areas of Tertiary deposits 
now lie from 5000 to even 10,000 feet 
above sea-level, rather clearly indicates 
notable elevation since their deposition, 
because such deposits must have been 
formed in intermontane basins much 
nearer sea-level, like the recent deposits 
of the Great Valley of California. 

The dissection by erosion of the 
usually comparatively soft and only 
moderately tilted deposits of Tertiary 
age in the western interior has given nse 
to much of the “Bad Lands’’ country, 
so called because of the difl&culty early 
explorers had in travelling across that 
rugged region (Fig. 210). 

Igneous Activity. — There was tre- 
mendous volcamc activity in the Cordil- 
leran region of western North America 
during Tertiary time. Most of this 
vulcanism occurred during the later 
Tertiary, and gradually diminished 
during the Quaternary (see map Fig. 
219). The building up of the vast lava 
region, known as the Columbian Plateau, 
covering over 200,000 square miles be- 
tween western Wyommg (including 
Yellowstone Park) and the Cascade 
Mountains of Washington, Oregon, and 
northern California took place at this 
time. Norton has clearly and concisely 
stated the principal facts as follows: 
“For thousands of square mQes the 
surface is a lava plain which meets the 
boundary mountains as a lake or sea 
meets a rugged and deeply indented 
coast. . . . The rivers which drain the 
plateau — the Snake, the Columbia, and 
their tributaries — have deeply trenched 


o’ o 

S' H-* S 

CD rr p 


o*hriS 

ESS 

^ ® 2 
DO ^ 



336 


HISTORICAL GEOLOGY 


it, yet their canyons, which reach the depth of several thousand 
feet, have not been worn to the base of the lava except near the 
margin and where they cut the summits of mountains drowned 
beneath the flood. Here and there the plateau has been deformed. 
. . . The plateau has been built like that of Iceland, of mnumer- 
able overlapping sheets of lava (Fig. 220). . . . The average 
thickness of flows seems to be about seventy-five feet. 

'^The plateau was long in 
building. Between the layers 
are found m places old soil 
beds and forest grounds and 
the sediments of lakes. . . . 
So ancient are the latest floods 
in the Columbia Basin that 
they have weathered to a 
residual yellow clay from 
thirty to sixty feet in depth 
and marvelously rich in the 
mmeral substances on which 
plants feed. In the Snake 
River VaUey the latest lavas 
are much younger. Their 
surfaces are so fresh and un- 
decayed that here the effusive 
eruptions may have continued 
to within the period of human 
history.” ^ 

Volcanic activity must 
have been very pronounced 
along the Rockies during the 
Tertiary, as shown by exten- 
sive and often very thick de- 
posits of tuff or volcanic ash (e.g. San Juan and Florissant forma- 
tions). Many volcanoes also broke forth on the Colorado Plateau 
of Utah, New Mexico, and Arizona, m the latter state especially 
there being cones exhibiting all stages of denudation from very 
recent cinder cones to others where only the merest remnants or 
“volcamc necks” are left. 

Tertiary vulcanism in Mexico was very vigorous and ex- 
^ W. H. Norton: Elements of Geology ^ pp. 40CHft)l 



Fig 221 

Lassen Peak in northern California in 
eruption August 22, 1914. Smoke 
and volcanic ash rose to a height of 
10,000 feet (From a photograph by 
R E Stmson, Red Bluff, Calif ) 
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tensive, m fact comparable with that of the western United 
States. 

In the northern Coast Range mountains of the United States 
there was considerable volcanic activity in the Eocene and much 
throughout the Range in the Miocene as proved by the numerous 
sheets of lava, dikes, and beds of tufP associated with the Miocene 
strata. 

Very pronounced vulcanism occurred in the Cascade Moun- 
tain region during the Eocene and to the middle Miocene. Durmg 



Fig. 222 

A sheet of columnar lava lymg between beds of volcanic dust, near 
Crater Lake, Oregon. (Photo by the author.) 


Pliocene time there was great volcanic activity with outpourings 
of lava in the Sierra Nevada and Cascade Mountains. At that 
time the Miocene gold-bearing stream gravels of Cahfornia were 
buried under the lava. Many well-known volcanic mountains, 
such as Shasta, Hood, Rainier, etc., date from that time. In fact 
this period of vulcanism has not altogether ceased at the present 
day, as shown by a renewal of activity of Lassen Peak (altitude 
10,437 feet) in northern California on May 30, 1914. During a 
period of several years from 1914 there were hundreds of erup- 
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tions of the mountain, in all cases fragmental materials only hav- 
ing been ejected sometimes to a height of 5000 to 10,000 feet 
above the mountain (Fig. 221). The peak has become almost 
inactive again. The eruptions of cinders and lava at Cinder Cone, 
only 10 miles from Lassen Peak, occurred not over 200 years ago. 
Other quite recent cinder cones are known m southern Cahforma 
and Arizona. 


Foreign Tertiary 

Eocene. — Just after the emergence of much of Europe at the 
close of the Mesozoic, there were certam basins of deposition such 
as lakes, estuaries, etc. Early in the Eocene, however, a great 
submergence set in, allowing manne waters to spread over a con- 
siderable part of western and much of southern Europe. The 
southeastern British Isles, the northern border of France, Belgium, 
Holland, the northern border of Germany, the site of the Pyrenees, 
Italy, all but the axis of the Alps, much of southeastern Europe, 
and northern Africa were submerged (see Fig. 223). This greatly 
expanded mediterranean of Europe also extended eastward across 
southwestern Asia, except southern Arabia and southern India, 
to connect with the Indian Ocean through the Bay of Bengal. 
A narrow sound along the eastern side of the Urals connected 
this mediterranean with the Arctic. In this vastly expanded in- 
terior sea true manne deposition took place, the most character- 
istic formation being known as Nummuhtic hmestone, so called 
because it is made up chiefly of shells of a certain genus (Num- 
mulites) of unusually large Foraminifers. Perhaps no other for- 
mation in the crust of the earth, built up essentially of the remains 
of but one genus of organism, is so widespread and thick, its 
thickness at tunes reaching several thousand feet. This marine 
Nummulitic hmestone now occurs at altitudes of 10,000 feet in 
the Alps, and fully 20,000 feet m Thibet. Limestone of this age 
was quarried for the building of the Egyptian pyramids. 

Durmg Eocene time also the island region along the eastern 
coast of Asia was largely submerged as well as the eastern coasts 
of Australia and South America (in Argentina and Brazil). Land 
seems to have been continuous in the northern hemisphere except 
for the narrow strait or sound just east of the Ural Mountains. 

Toward the close of the Eocene the Pyrenees Mountains were 
upraised by folding, while imtial (though moderate) erogenic 
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movements took place in the regions of the Apennines, Alps, and 
probably Himalayas as well as some other mountain districts. 

Oligocene. — The Oligocene is best known m Europe, while m 
many other parts of the world it has not yet been separated from 
the Eocene or Miocene. During the Ohgocene a shallow sea 
transgressed over northern Germany. In many places there were 
lagoons, estuaries, and even basins in which terrestrial deposits 
were formed. Some beds of gypsum, salt, and brown coal (lignite) 
were formed. Oligocene strata are especially well developed 



Fig. 223 

Sketch map shoeing the relations of land and water in Europe during 
middle Eocene time. Dotted areas show water (After Kayser.) 


throughout southern Europe. In Italy, marine deposits of this 
age have an estimated thickness of 12,000 feet. In southern 
Europe true marine conditions prevailed, though continental 
deposition also occurred. 

There was much igneous activity during this epoch, particularly 
in Bohemia, Ireland, Scotland, Iceland, and m the vicinity of 
Vienna. 

More or less severe orogenic movements affected certain dis- 
tricts such as the Balkan and Carpathian Mountains toward the 
close of the epoch. 

Oligocene rocks are also quite certainly present in the Can- 
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casus Mountains, southwestern Asia, and northern Africa, but 
they have not been much studied in other countries. 

Miocene, — Viewed in a broad way, the Miocene land and 
water areas of Europe were much as they had been in the Eocene, 
aU but the northern coast of Germany agam becommg dry land. 
Manne waters occupied parts of the Atlantic borders of France 
and the Iberian peninsula, while southern Europe was largely 
submerged as in the Eocene, except for considerable land masses 
occupying such areas as the interior of Spain and France, portions 



Sketch map showmg the relations of land and water in Europe 
durmg middle Miocene time Area of coarse dots, contmental 
deposition; areas of small dots, marme waters (After Kayser.) 


of the sites of the Alps, Pyrenees, Carpathians, Apennines, etc., 
which had been more or less affected by orogemc movements before 
the Miocene (see map Fig. 224). A remarkable formation, worthy 
of special mention, is an extensive conglomerate several thousand 
feet thick along the northern side of the present Alps. This con- 
glomerate has considerably controlled the topography, for instance 
in the vicmity of Lucerne. 

The vast Eocene mediterranean across southwestern Asia was 
not continued into the Miocene. Eocene strata, both marine and 
non-marme, occur in northern Africa and Syria, but not in the 
Persian region. Though not yet well studied, Miocene strata are 
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well developed in southem Asia, Japan, and northeastern Asia 
and Austraha. In South America the Miocene is extensively 
shown in Argentma and probably also on the western coast of the 
continent. 

Important mountain building occurred in Europe and Asia 
in the middle and late Miocene. Though initial movements had 
affected the sites of the Alps, Apennines, and probably the Hi- 
malayas, these mountams were greatly elevated by tremendous 



Fig, 225 

Sketch map showing the relations of land and water in Europe 
during middle Phocene time. Small dots, maimc waters, coarse 
dots, areas of contmcntal deposition. (After Kayser ) 

erogenic movements in the Miocene.^ The Caucasus Mountains 
were also upraised not earlier than in late Miocene, since Miocene 
strata are there found about 7000 feet above sea-level. 

Considerable igneous activity accompanied the late Miocene 
orogenic movements. 

Pliocene. — The Pliocene opened with comparatively little of 
Europe under marine waters, only a little of southern England, 

1 There appears to be some doubt as to whether the principal orogenic 
movement m the Himalayas occurred at the close of the Eocene or in the 
Miocene. 
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Belgium, the northwestern border of Germany, a little of southern 
France, and much of Italy having been submerged (see map Fig. 
225). Only in Italy are thick marine deposits known where the 
sediments washed from the newly built Apennines accumulated 
to a thickness of from 1000 to 3000 feet. Smce some of these 
deposits now he at altitudes of 2000 to 3000 feet, it is evident that 
the Apennines were again notably upraised after the deposition of 
the Phocene sediments. Volcanoes were active m the Mediter- 
ranean region, especially in Italy and Sicily, where volcanoes like 
Vesuvius and Etna began their eruptions. 

In southeastern Europe conditions were favorable for much 
deposition of continental material — lake, river, and terrestrial 
deposits. 

Marine Phocene extends up the Nile Valley for many miles. 
As a result of the erosion of the newly upraised Himalayas, a 
deposit of sandstones, conglomerates, clays, etc , several thousand 
feet thick, accumulated at the southern base of those mountains 
during Phocene time. 

In South America Phocene deposition took place over much of 
southern Argentina, deposits of this age being upturned on the 
eastern flank of the southern Andes. 

Climate 

During earher Eocene time the climate of North America was 
in general notably cooler and drier than that of the present day. 
This was due mamly to the influence of the great newly formed 
Eocky Mountains. Glacial deposits of early Eocene age have been 
found m Colorado. 

From middle Eocene to middle Miocene time North America 
had in general a warm-temperate, moist climate because the high 
mountains of the west were in such a worn down condition that 
the warm moisture-laden winds from the Pacific were free to 
sweep across the relatively low lands. 

Durmg the later Eocene the existence of a subtropical climate 
well toward the northern boundary of the United States, and in 
Europe as far north as Germany and the British Isles, is abun- 
dantly proved by the character of the fossil plants and animals. 

Over the Great Plains region of the United States the climate, 
now semiarid, was distmctly moister in the later Eocene and earlier 
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Miocene, as indicated by the great deposits of lignite which prove 
the existence of prohfic plant life in swamps. Fossil Figs, Pahns, 
and Magnolias in the western interior indicate much warmer and 
moister climate than now. 

Oligocene climate appears to have been somewhat cooler 
(perhaps warm-temperate) in western North America, and tropical 
in southeastern North America. In Europe the warm climate of 
the Eocene seems to have continued, for Palms lived in northern 
Germany. 

Viewed in a broad way, the climate of the continent gradually 
became cooler and drier from the middle Miocene to the late 
Pliocene, inclusive, in places reaching Arctic conditions. This was 
caused by widespread uplifts of the land over the continent, but 
more especially in the Cordilleran region. 

During much of Miocene time the climate of the Pacific Coast 
was almost like that of today. On the Atlantic Coast a compara- 
tively cool current, apparently from the north, drove out the warm 
water forms of the earlier Tertiary. In the western interior region 
of the United States, subtropical plants gave way to temperate 
chmate plants. In Europe the warm climate of the later Eocene 
continued mto the earlier Miocene and became distmctly cooler 
(temperate) in the later Miocene. 

The Pliocene was in general cooler than the Miocene, in fact, 
gradually increasing from temperate to sub-Arctic conditions in 
the waters along the California coast, and even to Arctic conditions 
in the British Isles region. Thus, passing upward in the British 
Pliocene series, the number of Arctic fossil forms increases from 
a few per cent to 50 or 60 per cent. An exception to the above 
general conditions appears to have been along the Atlantic Coast 
of the United States, where the marine water was rather warmer 
than it had been during the Miocene. As judged by the plants, 
the lands apparently had not become so correspondingly cold 
during the Pliocene. 

The grand climax of Cenozoic cold was reached m the succeed- 
ing Glacial epoch of the Quaternary period. 

Economic Pkoducts 

A very large production of petroleum in the United States 
comes from southern California, where it is obtained mostly from 
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Tertiary shales and sandstones. It seems probable that this petro- 
leum origmated from the decomposition of countless numbers of 
Diatoms in certain of the shales. 

Lignite (or brown coal) underlies thousands of square miles of 
both the Gulf States and the western interior regions, as weU as 
smaller areas on the Pacific Coast. There are also important 
lignite deposits in Europe, particularly in Germany. 

Many important gold deposits of California occur in Tertiary 
river gravels, which are often capped by lava. The famous gold 

deposits of Cripple Creek, 
Colorado, and Tonopah, 
Nevada, and the copper 
deposits of Butte, Montana, 
all occur as veins in, or 
adjacent to. Tertiary ig- 
neous rocks. 

Valuable phosphate de- 
posits occur m the Tertiary 
limestones of Florida. 

Life of the Tertiaky 

Taken as a whole, the 
life of the Cenozoic era was 
markedly different from 
that of the Mesozoic. Even 
in the Tertiary period the 
most important groups of 
plants and animals had a 
decidedly modern aspect. 
Most of the plants and the 
invertebrate animals of the Tertiary period belonged to genera 
which stiU exist, while the present-day species gradually increased 
from a small percentage m the Eocene to a large percentage in 
the Phocene. Among the Vertebrates, the Fishes, Amphibians, 
Reptiles, and Birds differed but little from those of today. The 
Mammals, however, which were small, primitive, and relatively 
rare t^oughout the Mesozoic, showed a wonderful development 
both in number of individuals and diversity of forms. The 
Mammals are, therefore, the most mteresting and characteristic 
organisms of Tertiary time. 



Fig. 226 


Diatoms from diatomaceous shale of 
Miocene age at Lompoc, California. 
Very much enlarged (After Califorma 
State Mining Bureau ) 
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Plants 

Vegetation had assumed a rather distinctly modern aspect well 
before the opemng of the Cenozoic era, the great revolution from 
ancient to modern types having taken place about the middle of 
the Mesozoic era. During the Tertiary, however, there was 
notable progress toward even more modern conditions, so that 



Fig 227 

A well-preserved fossil Palm, Thnrmx eocenica^ from the Eocene of Georgia. 
(After Berry, U S. Geological Survey, Prof Paper 84.) 


many genera became the same as now and gradually more and 
more present-day species were introduced. 

Among the simplest or single-celled plants, the Diatoms deserve 
special mention. In certain times and places they swarmed in the 
Tertiary waters. ^'The microscopic plants which form siliceous 
shells, called Diatoms, make extensive deposits in some places 
(Fig. 226). One stratum near Richmond, Virginia, is 30 feet thick 
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and is many miles in extent; another, near Monterey, Cahfomia, 
is 50 feet thick, and the material is as white and ^e as chalk, 
which it resembles m appearance; another, near Bilm in Bohemia, 
is 14 feet thick. . . . Ehrenberg has calculated that a cubic inch 
of the fine earthy rock contains about forty-one thousand milhons 
of organisms. Such accumulations of Diatoms are made both in 
fresh waters and salt, and in those of the ocean at all depths. ’’ ^ 
During the earlier Tertiary, as we have learned, the climate of 
Europe and the northern Umted States was warm temperate to 
even subtropical and there flourished such trees as Palms (Fig. 
227), Laurels, Oaks, Willows, Chestnuts, etc., with the addition of 
Magnolias, Figs, Poplars, Ferns, etc., m the western interior of the 
United States and southern Canada. As far north as Greenland 
and Spitzbergen, there were forests with Maples, Camphor trees, 
Figs, Laurels, Cypresses, Poplars, and Sequoias. The Sequoias, 
which are of special interest, began in the late Jurassic; attained 
their culmination in numbers and species m the Tertiary; and are 
now represented by only two species, — the so-called Big Trees 
and the Redwoods, — which are wholly confined to California. 
During the Tertiary they ranged from Greenland on the north to 
New Zealand on the south, often in great forests. 

In the later Tertiary the distinctly cooler 
climate in the higher latitudes caused a disap- 
pearance of the warm chmate plants such as 
the Palms from Europe, and the Palms, Figs, 
Magnohas, etc., from the western interior of 
North America. 

So far as known, the Cereals had not yet 
appeared in the Tertiary, but the Grasses be- 
came abundant and must have had an im- 
portant influence in the development of the 
principal groups of herbivorous Mammals. 

Animals 

Since the Tertiary invertebrates were in 
nearly every way so similar to] those of today, 
we shall give special attention to only a few features of interest. 

Among Protozoans, the Foramimfers were exceedingly abun- 
dant and often remarkable for their great size. Of these the 

1 J. D. Dana: Textbook of Geology, 5th ed., pp. 391--393. 



Fig 228 

An Eocene Fora- 
minifer, Nurrmm- 
Hna levigate. 
(From LeConte’s 
Geology, ^cour- 
tesy of D. Apple- 
ton and Com- 
pany) 
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NummuhteSj so called because coin-shaped, have already been 
referred to as making up great limestone deposits in the Old World 
Eocene. They attained a diameter as great as half an inch to 
an mch (Pig. 228). 



Fig. 229 

Large Oyster shells, Ostrea georgiana, in Eocene strata of Georgia. (After 
L. W Stephenson, Gcol. Sur. Ga., Bui 26 ) 


Porifers, Coelenterates, Echinoderms, and MoUuscoids were 
almost wholly modern in character, with Crmoids and Brachiopods 
both rare. 

Among MoUusks both Pelecypods (Figs. 229, 230) and Gastro- 
pods (Fig. 231) were exceedingly common, perhaps more so than 
ever before, and of very modem aspect. Oysters appear to have 
reached their culmination in size at least, some having grown to a 
length of ten to twenty inches and a width of six or eight inches 
(Fig. 229). CephalopodSj as we have learned, dimimshed remark- 
ably at the close of the Cretaceous, the great groups of the Attit 
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momtes and Belemmtes having disappeared, while the Nautiloids 
(e.g. Nautilus) were more diversified and widespread than new. 
The Dibranchs were of the modem Squid and Cuttlefish types. 



Pig 230 

Tertiary Pelecypods. a Venericardta marylandtca (Clark 
and Martin) ; 6, Pecten choctanensis (Aldrich) (After 
Maryland Geological Survey ) 

Among Arthropods aU the prmcipal groups except the simplest 
(e.g. Tnlobites and Eurypterids) were represented, the Crabs 



a he 


Fig 231 

Tertiary Gastropods: a, Fulgur canca; 6, Strepsidura 
suhcalanna; c, Turntella potomacensis, (All from 
Maryland Geological Survey ) 

among the Crustaceans having become numerous and varied. 
Insects are known in far greater numbers and variety than from 
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any preceding period. All the important groups or orders were 
represented, including the highest, such as Moths, Butterflies, 
Beetles, Bees, and Ants. The prolific vegetation of the period was 
of course very favorable for Insect development. 

In a single Miocene stratum a few feet thick at Oeningen, near 
the Swiss border, more than 900 species of Insects have been found. 
'^In some places the stratum is black with the remains of Insects. 
The same stratum is also full of leaves of Dicotyls, of which Heer 
has described 500 species. Mammalian remains and also Fishes 



Fig 232 

A nearly perfect fossil Teleost Fish, Dzplomystus densatuSj from the Eocene of 
Wyommg (After Veatch, XT. S Geological Survey, Prof Paper 56 .) 


are found. . . . Doubtless, at Oeningen, in Miocene times, there 
was an extensive lake surrounded by dense forests, through which 
ran a small river emptying into the lake; and the Insects drowned 
in its waters, and the leaves strewn by the winds on its surface, 
were cast ashore by the waves. . . . Over 500 of the Oeningen 
Insects were Beetles.” ^ 

Another remarkable occurrence of fossil Insects is m the amber 
of northern Germany, especially on the shores of the Baltic Sea, 
where fully 2000 species have been obtamed. The amber is a 
fossil resin of early Oligocene age derived from certain Conifers. 
The Insects were caught in the resin while it was still soft and 
sticky and they were thus literally embalmed and perfectly pre- 
served to the present day in the often quite transparent amber. 

1 J. Le Conte: Elements of Geology , 5th ed., p. 534. 
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At Florissant, Colorado, certain fresh water shales of Ohgo- 
cene (?) age are said to be black with the remains of Insects. Over 
2000 species are represented as well as various plants, Fishes, and 
even a Bird with well-preserved feathers. 

Fishes. — These were in general much 
/p\ hke those of the later Mesozoic, though 

X even more modem in aspect. Teleosts 

gMlji Ij \ (Fig. 232) predommated, but Sharks were 

j B||| \ abundant and of great size — 60 to 80 feet 

[S. long — with fossil teeth up to 6 or 6 mches 

long occurring in immense numbers in 
some places as, for example, the Atlantic 
K ^ \ ] Coast of the United States (Fig. 233). 

( / Amphibians. — After their great de- 

velopment in the late Paleozoic, the 
Fig. 233 Amphibians never again assumed much 

A Shark’s tooth from importance. In the Tertiary they were 
the Eocene of the represented only by such modem types as 
Salamanders, Frogs, and Toads. 

(Mto Gibb^.) ’ Reptiles. — These, too, were quite mod- 

em in character, with Lizards, Snakes (all 
non-poisonous). Crocodiles, and Turtles all common and varied. 

Birds. — These were much more advanced and numerous than 
in later Mesozoic time, and many of the modem groups had repre- 
sentatives. A few of the more primitive or generalized types, 
however, still existed in the 
early Tertiary. Thus a toothed 
Bird has been found in the 
Eocene of England, though it is 
to be noted that the teeth were 
not set m sockets but were only Fig. 234 

dentations of the edge of the bill Head of an Eocene Bird, Odontop- 
(Fig. 234). Another special teryx toliapicusj showmg teeth, 

feature was the existence of (After Owen.) 

very large, flightless Ostnch-hke forms which attained heights up 
to fully 10 feet. 



Fig. 234 

Head of an Eocene Bird, Odontop- 
teryx toliapicuSj showmg teeth. 
(After Owen.) 


Mammals. — All during the Mesozoic era Mammals existed, 
but they were represented only by comparatively few, small, 
primitive forms which always occupied a very subordinate position 
in the animal world. They were kept in obscurity by the dominant 
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and diversified Reptiles. The mighty crustal disturbance of late 
Mesozoic time, reaching a grand climax m the Rocky Mountain 


Revolution, left in its wake 
the end of the reign of Rep- 
tiles, and the beginning of the 
rule of the highly organized 
Mammals. Very early in the 
Tertiary there began a won- 
derful development of Mam- 
mals. Evolution of many of 
the higher groups went on 
rapidly, so that by the close 
of the period the Mammals 
had become differentiated 
into most of the pnncipal 
modern types. One of the 
most significant features in 
the evolution of the Mammals 
during the Cenozoic was the 



gradual increase m the rela- 
tive sizes of the brams. The 
accompanying sketches graph- 
ically illustrate this fact (Fig. 
235). 

Mammals compnse the 
highest of all animals and are 
all characterized by suckling 


c 



Fig. 235 


the young. For convenience Sketches to illustrate increase in size 


of discussion, they may be of brains of Mammals from the 

divided into three groups as Eocene to the present. A, Eocene 

Mows: (1) Monoiremes or Uintathmum; B, Mweene BrorUo- 

A V ^x thenum; C, modem Horse, Eqaus, 

egg-laying forms, such as the (After Marsh, from Shimer's “In- 

modem Spiny Ant-eater; (2) troduction to the Study of Fossils,” 

Marsupials (e.g. Opossum and courtesy of The Macmillan Corn- 

Kangaroo) or those giving pa^y*) 

birth to imperfectly formed young, which are then carried by 
the mother m a pouch (marsupium) ; and (3) Placentals (e.g. 
Dog, Horse, and Man) or those giving birth to well-formed young 
which, in the prenatal condition, are attached to the mother by 
the placentum. So far as known, only Monotremes and Mar- 
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supials existed during the Mesozoic, but during the Tertiary they 
were very subordinate to the Placentals, and today they are 
comparatively rare. The Cenozoic was (and is), therefore, very 
decidedly the “Age of Placental Mammals.” 

Because of the vast wealth of material concerning Tertiary 
Mammals, we can do no more, in our brief survey, than to refer to 
a few of the more interestmg and better known evolutionary 
features. 

Generalized Mammals of the Early Tertiary. — AJthough 
Mammals were the dommant animals even in the early Tertiary, 

nevertheless they were not then 
differentiated into the more or 
less clearly defined groups of 
today such as the Carnivores j or 
flesh eaters (e.g. Dogs, Bears, 
Tigers, etc.) , Penssodactyls, or 
hoofed Mammals with an odd 
number of toes (e.g. Horses, 
Rhinoceroses, etc.); Arhodao 
tylsj or hoofed Mammals with 
an even number of toes (e.g. 
Camels, Deer, Pigs, etc.); Pro- 
boscidians, or trunk-bearing hoofed Mammals (e.g. Elephants); 
Rodents, or gnawers (e.g. Rats, Squirrels, etc.); Insectivores (e.g. 
Moles, Hedgehogs, etc.) ; Ce^acearis, or exclusively swimmers (e.g. 
Whales, Dolphins, etc.); Primates, or the very highest of all 
Mammals (e.g. Monkeys, Man, etc.); and many others. These 
groups, traced back toward the early Tertiary, gradually become 
less and less distinct until, in the Eocene, they cannot be at all 
distinguished as separate groups, but rather we find ancestral or 
generahzed forms which show combmations of features of the 
later groups. 

One of the most characteristic of these generalized types of 
the early Eocene was Phenacodus (see Fig. 236). The various 
species of this genus showed about the same range in size as modern 
Dogs. Each foot had five toes which were supphed with nails 
rather between true claws and true hoofs in structure. The simple 
(primitive) teeth indicate that the animal was omnivorous, that 
is both plant and flesh eating. In harmony with other early Ter- 
tiary Mammals, the brain was relatively small and almost devoid 



Fig 236 


A nearly perfect skeleton of the 
Eocene Phenacodus pninaevus 
(After Cope } 
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of convolutions, thus pointing to a low grade of mental devel- 
opment. 

Penssodactyls (e.g. Horse). As an example of the history of 
the odd-toed, hoofed Mammals, we shall consider the well-known 
evolution of the Horse family. At least forty species of this family, 
ranging from early Eocene to the present, have been described, 


THE EVOLUTION OF THE HORSE. 


Fore Fool 
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Hypolhellcel Anceaieo with Five Toes on Each Fool 
and Teeth like ttiOae ef HMep dc. 



. Fig. 237 

Chart to illustrate the evolution of the Horse family (After W D Matthew, 
Amer, Mus Nal. Hist Journal) 

and practically every connecting link in the evolution of the 
family is known. Only a few of the most important changes can 
be noted in our brief description, which is, m fact, not much more 
than an explanation of the excellent chart shown in Fig. 237 . The 
earliest form, called EohppuSj occurring in the lower Eocene, was 
about the size of a large cat (Fig. 238). On the forefoot it had 
four functional toes (one larger than the others) and a splint or 
imperfectly developed fifth toe. The hind foot had three 
functional toes and a splint. Doubtless this early member of 
the Horse family was derived from an original five-toed ances- 
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tor 1 whose general structure was something like Phenacodus. In 
the later Eocene ProtoroMppus had four distinct toes on the front 
foot and three on the hind foot, but with no sign of splints. This 
form w^s but httle larger than Eohippus. Durmg the Oligocene 
Mesohippus had three functional toes (the middle one being dis- 
tinctly larger), with the former fourth toe reduced to a splint on 



Fig. 238 

Primitive or ancestral Horses, EohippiiSj of the Eocene Restored by C R. 
Knight under the direction of H F. Osborn. (Permission of American 
Museum of Natural History ) 

the front foot, while the three functional toes continued on the 
hind foot. It was about the size of a sheep. In the Miocene 
Protohippus had three toes on both fore and hind feet, but in 
each case only one was large and functional, with the other two 
small toes not long enough to reach the ground. This form was 
about the size of a pony. During the Pliocene and Quaternary, 

^More recently there has been reported the discovery of a still more 
primitive form, even more closely resembling the five-toed ancestor. 
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EquuSj or the modern Horse, had, and has, one toe only on each 
front and hind foot with the two side toes of Protohippus reduced 
to mere splint bones, entirely non-functional. Thus we see that 



Fig 239 

Evolution of foot of even-toed (Artiodactyl) Mammals illustrated 
by existmg forms. A, Pig; R, Roebuck; C, Sheep; D, Camel. 
(Prom Norton’s '^Elements of Geology,” by permission of Gmn 
and Company, Publishers ) 





the middle toe of the original five-toed ancestor has developed, 
to the exclusion of the others, and it is thought that this has 
tended toward greater fleetness of foot. While these evolutionary 

changes took place, there were 
also gradually developed longer 
and more complex teeth; the 
two entirely separate bones 
(radius and ulna) of the fore 
limb gradually became con- 
solidated into a single strong 
bone; and the brain steadily 
increased in relative size. 

Artiodactyls (e.g. Camel). These even-toed, hoofed Mammals 
(Fig. 239), like the odd-toed ones, were descended from a five-toed 



Fig 240 


a, Mastodon tooth, h, Mammoth tooth. 
Both viewed from the side. 


356 


HISTORICAL GEOLOGY 


Eocene ancestor. In their development the first toe disappeared, 
while the middle pair of the remaining four became larger and the 
two side toes became smaller and smaller, having disappeared 
altogether in such a type as the modern Camel. This sort of evo- 
lution in the Camel family has been traced m almost as much 
detail as in the Horse family. Beside the Camel, other two-toed 



Fig 241 

A Mammoth Elephant, Elephas pyrimigemus, restored by C R Kmght. (Per- 
mission of American Museum of Natural History ) 


existing forms are Deer, Cattle, and Sheep. The two-toed Artio- 
dactyls now predominate, while the four-toed forms (at present 
represented e.g. by Hogs and Hippopotami) culminated in the 
Tertiary. 

Proboscidians (e.g. Elephant). This group of hoofed Mam- 
mals, characterized by the proboscis (trunk), has been traced 
through many intermediate forms back to primitive Eocene 
ancestry. Proboscidians culminated in the Pliocene, when they 
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Fig 242 

Chart to illustrate the evolution of the Elephants (From Scott, 
after Lull, modified by Sinclair, by courtesy of The Macmillan 
Company.) 
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were the largest (up to 13 or 14 feet high), the most numerous, and 
widespread over much of the earth except Australia.' Mastodons^ 
now wholly extinct, are characterized by having knob-like promi- 
nences on the chewing surfaces of their large teeth (Fig. 240a), 
while the true Elephants (including the extmct Mammoths) have 
large nearly flat grinding surfaces on their teeth. (Fig. 240b). True 
Elephants also nearly always show greater curvature of the tusks. 
The Mammoth had long brown hair (Fig. 241). 

The accompanying sketches (Fig. 242), together with the 
following excellent summary by Lull, will give a good idea of the 
evolution of the Proboscidians. “Increase m size and in the de- 
velopment of pUlar-hke limbs to support the enormous weight. 
Increase in size and complexity of the teeth and their consequent 
diminution in numbers and the development of the peculiar method 
of tooth succession. The loss of the canines and of aU of the mcisor 
teeth except the second pair in the upper and lower jaws and the 
development of these as tusks. The gradual elongation of the 
symphysis or union of the lower jaws to strengthen and support 
the lower tusks while diggmg, culmmatmg in Tetraheledon (or 
Gomphothenum) Angubttdens. The apparently sudden shortemng 
of this symphysis following the loss of the lower tusks and the com- 
pensating increase in size and the change m curvature of those of 
the upper jaw. 

“The increase m bulk and height, together with the shortening 
of the neck necessitated by the increasmg weight of the head with 
its great battery of tusks, necessitated the development of a pre- 
hensile upper lip which gradually evolved into a proboscis for food 
gathering. The elongation of the lower jaws implies a similar 
elongation of this proboscis m order that the latter may reach 
beyond the tusks. The trunk did not, however, reach maximum 
utihty until the shortening jaw, removing the support from be- 
neath, left it pendant, as m the livmg Elephant.” ^ 

Carnivores (Tigers, Dogs, etc.). These modem flesh-eaters 
can be traced back to a generalized order or group (so-called 
CreodontSj Fig. 243) which had certain characters suggesting the 
Insect-eaters, hoofed Mammals, and Marsupials, as well as the 
Carnivores. These Creodonts or ancestral flesh-eaters had small, 
simple brains and many small teeth. In the course of evolution 
the existmg carnivorous famihes have been derived from them. 

1 R. S. Lull: Amer Jour, Sd , Vol. 25, 1908, pp. 11-13. 
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Fig 243 

Skeleton of an Eocene Creodont, Patnofehs. (After Osborn, from Cham- 
berlin and Salisbury's “ Geology, courtesy of Henry Holt and Company.) 


Rodents (Rats, Porcupines, Squirrels, etc.). The Rodents 
(gnawers) can be traced back to the early Eocene, when the incisor 

teeth were just developing a 
structure suitable for gnaw- 
ing. By the middle of the 
Eocene the Rodents were com- 
mon and their incisors were 
highly speciahzed for gnawing. 
Primitive Squirrel-hke forms 
are known from the late 
Eocene. 

Insectivores (e.g. Moles, 
Hedgehogs, etc.) . These have 
also been traced back to the 
Eocene, and, like the Rodents, 
they still show many of their 
ancestral or primitive feat- 
ures. They have changed much less than most of the other classes 
of Mammals. 

Cetaceans (e.g. Whales, Porpoises, etc.). In our study of 
Mesozoic Reptiles we foimd that certain forms took to the sea 



Fig 244 

One of the earhest Monkeys, Meso- 
pAhecus pentekdf from the Miocene 
of Europe, restored by Gaudry 
Length of specimen, about 20 
inches. 
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and became truly marme Fish-like creatures, such as the Ichthyo- 
saur and the Mosasaur. So m the Tertiary (even m the Eocene) 
certain Mammals became so adapted to the water environment 
as to become Fish-like forms, such as Whales, Porpoises, etc., 
which are often popularly regarded as true Fishes. Apparently 
we have here an example of retrogression in evolution, because 
true land animals took to the water and their legs degenerated 
into swimmmg paddles. Certam Whale-hke forms (Zeuglodons) 
of the Eocene reached lengths up to 60 or 80 feet and must have 
been extremely abundant, their vertebrae often bemg found in 
great numbers in Alabama and other places. 

Lemuroids (e.g. Lemurs) and Primates (e g. Monkeys, Apes, 
and Man). These two groups mclude the highest of all animals. 
During the Eocene “Numerous Lemuroids and primitive types of 
Monkeys swarmed in the trees'' (W. B. Scott). True Monkeys 
and Apes, however, did not appear till in the Miocene (Fig. 244). 
A partial skeleton, known as Pithecanthropus erectuSj discovered in 
Java (1891) in deposits possibly of Pliocene age, has been the cause 
of much discussion. This creature appears to have had characters 
intermediate between the lowest types of Men and the highest 
types of Apes, but the bones have elicited much difference of opin- 
ion. By some they are regarded as those of an ancestral type of 
Man; by others as those of an abnormal human bemg; and by still 
others as those of a large Ape. 

So far as present knowledge goes, we have no positive evidence 
that Man appeared on the earth even late in the Tertiary, though 
future discoveries may trace his ancestry that far back. The 
antiquity of Man will be further discussed toward the close of the 
next chapter. 



CHAPTER XIX 
THE QUATERNARY PERIOD 

By the very nature of the case, our usual method of discussion 
cannot be apphed to the Quaternary period without considerable 
modification, the characteristic feature having been vast sheets 
of ice covering much of the northern hemisphere. Otherwise the 
earth had reached essentially its present geological condition. 

Origin of Name, Subdivisions, Etc. 

As pointed out toward the beginning of the last chapter, the 
terms “Tertiary'^ and “Quaternary'' are both remnants of an old 
geological nomenclature, and both have entirely lost their original 
significance. The Quaternary is the last great period of earth 
history, the study of which leads us right up to present-day geo- 
graphic and geologic conditions. During this period nearly all of 
the existing species of invertebrates and lower Vertebrates, as well 
as most of the existing species of Mammals, had appeared. Except 
in the glaciated regions, the line of separation between the Tertiary 
and the Quaternary is not at all clearly defined. 

Following the usual method, we shall divide the Quaternary 
period into (1) the Pleistocene or Glaaial epoch, which represents 
the time of ice occupation of northern North America and northern 
Europe, and (2) the Recent or postrOlacial epoch or time since the 
removal of the ice from those continents. We are living in the 
Recent epoch. 

The Fact of the Ice Age 

The Quaternary period was ushered in by the spreading of vast 
ice sheets over much of northern North America and northern 
Europe. This event must take rank as one of the most interesting 
and remarkable occurrences in geological time. On first thought, 
the existence of such vast ice sheets seems unbelievable, but the 
Ice age occurred so short a time ago that the records of the event 
are perfectly clear and conclusive. The fact of this great Ice age 
was discovered by Louis Agassiz in 1837, and fully announced 
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before the British Scientific Association in 1840. For some years 
the idea was opposed, especially by advocates of the so-called ice- 
berg theory. Now, however, no important event of earth history 
is more firmly established and no student of the subject ever 
questions the fact of the Quaternary Ice age. 

Some of the proofs for the former presence of the great ice 
sheets are as follows: (1) Polished and striated rock surfaces 
which are precisely hke those produced by existing glaciers, and 
which could not possibly have been produced by any other 
agency; (2) glacial boulders or ‘‘erratics,” which are often some- 
what rounded and scratched, and which have often been trans- 
ported many miles from their parent rock ledges; (3) true 
glacial moraines, especially terminal morames, like that which 
extends the full length of Long Island and marks the southern- 
most limit of the ice sheet there; (4) the generally widespread 
distribution, over most of the glaciated area, of heterogeneous 
glacial debris (so-called “drift”) both unstratified and stratified, 
which is clearly transported material and typically rests upon 
the bed-rock by sharp contact. In regions which have not been 
glaciated, it is quite the rule to find that the underlying fresh rock 
grades upward through rotten rock into soU. 

Ice Extent and Centees oe Accumulation 

The best known existing ice sheets are those of Greenland and 
Antarctica, particularly the former, which covers about 500,000 
square miles. This glacier is so large and deep that only an 
occasional high rocky mountain projects above its surface, and the 
ice is known to be slowly moving outward in all directions from the 
interior to the margins of Greenland. Along the margins, where 
melting is more rapid, some land is exposed, but often the ice flows 
out into the ocean, where it breaks off to form large icebergs. 

The accompanying map Fig. 245 shows the area of nearly 
4,000,000 square miles of North America covered by ice at the time 
ojf maximum glaciation, and also the three great centres of accumu- 
lation and dispersal of the ice. The directions of flow of the ice 
from these centres have been determined by the study of the direc- 
tions of a very large number of glacial striae, as well as the direction 
of transportation of the glacial debris. Greenland was also buried 
under ice during the Quaternary period. 
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Two striking features regarding the distribution of the ice were 
(1) the failure of the ice to cover any of Alaska except its high 
southern mountain region, though that country is much farther 
north than most of the glaciated area; and (2) the failure of any- 



Fig. 245 

Map showing the areas occupied by ice m North America at the 
time of maximum glaciation* The three great centres of dispersal 
are indicated. (After Salisbury, from Norton's “Elements of Geol- 
ogy/^ by permission of Gina and Company, Publishers.) 

thing like continuous ice sheets over the high plateaus of the west- 
ern United States, while the great ice sheet spread over much of the 
low plains area of the upper Mississippi Basin. 

From its centre of accumulation, the Labradorean ice sheet 
extended fully 1600 miles southwestward or to about the mouth 
of the Ohio River. The Keewatm sheet extended from its centre 
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southward nearly as far, or into northern Missouri. These two 
great ice sheets practically merged. ‘^One of the most marvelous 
features of the ice dispersion was the great extension of the Keewa- 
tm sheet from a low flat centre westward and southwestward over 
what is now a semiarid plain, rising in the direction in which the ice 
moved, while the mountain glaciers on the west, where now known, 

pushed eastward but little 
beyond the foothills (Cham- 
berhn and Sahsbury). 

The CordiUeran ice sheet 
appears to have been mostly 
made up of both plateau and 
typical mountain (Alpine) 
glaciers. Toward the south 
it extended only a little way 
over the high mountains of 
the northwestern United 
States. 

- Newfoundland, and pos- 
sibly also Nova Scotia, had 
local centres of glaciation. 

South of the ice sheets 
above described, the higher 
mountains of the United 
States, even as far south as 
southern Cahforma, Arizona, 
and New Mexico, bore nu- 
merous glaciers greatly vary- 
ing in size (Fig. 246). These 
were always of the typical 
valley or Alpine types in- 
stead of ice sheets. Some of 
these mountains, such as Shasta, Hood, Rainier, and those of the 
Glacier National Park in Montana, still have glaciers, the greatest 
bemg those of Mount Rainier, where they attain lengths of from 
4 to 6 miles. 

DmncTioN of Movement and Depth of Ice 

The fact that glacial ice flows as though it were a viscous sub- 
stance is well known from studies of present-day glaciers in the 



Fig 246 

Glaciated surface of granite high up on 
the side of a deep canyon Middle 
Fork of King’s River near Paradise 
VaUey, Cahforma (Photo by the 
author ) 
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Alps, Alaska, and Greenland. A common assumption, either that 
the land at the centre of accumulation must have been thousands 
of feet higher, or that the ice must have been immensely thick, in 
order to permit filowage so far out from the centre, is not necessary. 
For instance, if one proceeds to pour viscous tar slowly in one place 
upon a perfectly smooth (level) surface, the substance will gradu- 
ally flow out m all directions, and at no time will the tar at the 
centre of accumulation be very much thicker than at other places. 
The movement of the ice from each of the great centres was much 
like this, only in the case of the glacier the pilmg up of snow and 
ice was by no means confined to the centres of accumulation. 

Some of the finest examples of the influence of topography 
upon the direction of movement of the ice are afforded by New 
York state on account of its pecuhar relief features. When the 
Labradorean ice sheet spread southward as far as northern New 
York, the Adirondack Mountains stood out as a considerable 
obstacle in the path of the moving ice, and the tendency was for 
the current to divide into two portions, one of which passed south- 
westward up the low, broad St. Lawrence Valley, and the other 
due southward through the deep, narrow Champlain Valley. As 
the ice kept crowding from the rear, part of the St Lawrence ice 
lobe pushed into the Ontario basin, while another portion worked 
its way up the broad, low Black River Valley and finally mto the 
Mohawk Valley. At the same time the Ohamplam ice lobe found 
its way into the upper Hudson Valley, and sent a branch lobe 
westward up the broad, low Mohawk Valley. The two Mohawk 
lobes, the one from the west and the other from the east, met in 
the midst of the Mohawk Valley. As the ice sheet continued to 
push southward, all the lowlands of northern New York were 
filled; a tongue or lobe was sent down the Hudson Valley; and 
finally the whole state, except slight portions of the southern 
border, was buried under the ice. The general direction of flow at 
this time of maximum glaciation was southward to southwestward, 
with perhaps some undercurrents determined by the larger topo- 
graphic features. Thus we learn that the major relief features of 
the state very largely determined the direction of ice currents, ex- 
cept at the time of maximum glaciation, when only the under- 
currents were controlled. These ideas are abundantly borne out by 
the distribution of glacial striae and boulders over the state. 

Evidences of glaciation, such as striae, boulders, lakes, etc., 
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occur high up in the Adirondacks, the Catskills, the Green and the 
White Mountains, and the Berkshue Hills, so that the greatest 
depth of ice over New York and New England could not have been 
less than one or two miles. In fact we have every reason to 
believe that all of the mountains named, except possibly the 
Catskills, were completely buried. The reader may wonder how 
the ice over a mile thick in northern New York could have thinned 
out to disappearance at or near the southern border of the state, 
but observations on existing glaciers show that it is quite the habit 
of extensive ice bodies to thm out very rapidly near the margms, 
thus producing steep slopes along the ice fronts. 

There is little reason to doubt that the vast ice sheet over the 
upper Mississippi Valley was also thousands of feet thick. The 
positions of the moraines there clearly prove that the ice front 
was more or less distinctly lobate. 

Successive Ice Invasions 

The front of the great ice sheet, like that of ordinary valley 
glaciers, must have shown many advances and retreats. In the 



Fig. 247 

Diagram to show how successive glacial drift sheets are 
distinguished. N to m, younger drift; into Sy surface of 
older drift Surface of younger drift almost unaffected by 
erosion and weathermg, while the older drift is notably 
dissected and its surface considerably weathered A 
distmct terminal moraine at m marks end of younger 
dnft sheet. Heavy black bands represent deposits of 
organic matter. 

northern Mississippi Valley, however, we have positive proof of 
several (perhaps five or six) important advances and retreats of the 
ice which gave rise to true interglacial stages. The strongest evi- 
dence is the presence of successive layers of glacial debris, a given 
layer often having been oxidized, eroded, and covered with vegeta- 
tion before the next (overlying) layer was deposited (see Fig. 247). 
In drilling wells through the glacial deposits of Iowa, for example, 
two distinct layers of vegetation are often encountered at depths 
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of from 100 to 200 feet. Near Toronto, Canada, plants which 
actually belong much farther south in a warm climate have been 
found between two layers of glacial debris. Thus we know that 
some, at least, of the ice retreats produced mterglacial stages with 
warmer climate and were suj9S.cient greatly to reduce the size of the 
continental ice sheet or possibly to cause its entire disappearance. 

By applymg the principles just laid down, at least five advances 
and retreats of the ice, with distinct mterglacial intervals have 
been recognized in North America as follows: (1) Pre-Kansan or 
Jerseyan; (2) Kansan; (3) lUinoian; (4) Iowan; and (5) Wis- 
consin,^ 

In New York and New England no very positive evidence has 
as yet been found to prove truly multiple glaciation, though some 
phenomena as, for example, certain buried gorges, are difficult to 
account for except on the basis of more than one advance and 
retreat of the ice. At any rate there appears to be no good reason 
whatever to believe that there were more than two advances and 
retreats of the ice over this region. 

For our purpose in considering only the general effects of 
glaciation, we may practically disregard the problem of multiple 
glaciation, because the final effects would have been essentially 
the same as a result of a single great glacial advance and retreat. 

The Driftless Areas 

In southwestern Wisconsin, and extending a little into Iowa 
and Illinois, there is a non-glaciated area of about 10,000 square 
miles which lies several hundred miles north of the southern limit 
of the ice sheets (see Fig. 245). This is called a ''driftless area,” 
because of the utter absence of glacial debris or any other evi- 
dence of glaciation within its boimdary. In spite of several ice 
invasions on all sides, this small area was never ice covered. 
Residual soils and rotten rock are widespread; there are no lakes; 
and the streams are mostly graded and without waterfalls or 
rapids. This small region, therefore, gives an excellent idea of 
the kind of topography which the whole upper Mississippi Valley 
would have ^own had it not been for the glaciation. At no 
time did the Labradorean ice sheet spread far enough westward, 

^ The Wisconsin invasion is sometimes divided into two — an early 
and a late Wisconsm. 
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or the Keewatin sheet far enough eastward, to cover this driftless 
area. The highland district just south of Lake Superior doubt- 
less served to deflect and weaken the flow of the Labradorean ice 
which otherwise might have spread far enough to have covered 
the driftless area. 

A much smaller driftless area has more recently been discovered 
along the Mississippi River in Missouri. It is not difficult to 
understand why such an area so close to the southern limit of 
glaciation escaped all advances of the ice sheets. 

Ice Eeosion 

Ice, like flowmg water, has very little erosive effect unless it is 
properly supphed with tools. When flowmg ice is shod with hard 



Fig 248 

Smoothed and stnated (glaciated) hmestone. 
(Photo by the author ) 


rock fragments the power to erode is often pronounced, because 
the work of abrasion is mostly accomplished by the rock fragments 
embedded in the ice rather than by the soft ice itself. For instance, 
when the great ice lobe moved up the St. Lawrence Valley it was 
shod with many pieces of hard pre-Cambrian rocks, and the effects 
of erosion are remarkably well shown in the Thousand Islands 
region, where successions of great grooves cut in the solid rock 
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may often be seen. A little search wiU reveal polished and 
scratched or grooved rock surfaces in almost any part of the 
glaciated region of the continent (Fig. 248). Hard rock ledges 
most frequently exhibit glacial marks, and the freshness and 
hardness of such surface rock proves that the ice eroded all 
of the deep residual soil as well as the zone of rotten rock, and an 
unknown amount of live or fresh rock. 

In former years a very great erosive power was ascribed to 
flowmg ice, but today some glaciahsts consider ice erosion to be 
almost neghgible, while many others maintain that, under favor- 
able conditions, flowing ice may produce very notable erosive 
effects. During the long pre-Glacial time, rock decomposition 
must have progressed so far that rotten rock, including soils, had 
accumulated to considerable depths, as today in the southern 
states. Such soils are called “residual,'^ because they are derived 
by the decomposition of the very rocks on which they rest. But 
now one rarely sees rotten rock or soil in its original position well 
within the glaciated area, because such materials were nearly all 
scoured off by the passage of the great ice sheet, mixed with other 
soils and ground up rock fragments, and deposited elsewhere. 
Such are called transported sods. Along the southern side of the 
glaciated area, where the erosive power of the ice was least, rotten 
rock is more common. Ice, shod with hard rock fragments and 
flowmg through a deep, comparatively narrow valley of soft rock, 
IS especially powerful as an erosive agent, because the tools are 
supphed, the work to be done is easy, and the mcreased depth of 
the ice where crowded into a deep, narrow valley causes greater 
pressure on the bottom and sides of the channel. Many of the 
valleys of northern New York were thus favorably situated for 
ice erosion, as, for example, the Champlain, St. Lawrence, Black 
River, Finger Lakes valleys. The writer has made a special study 
of ice erosion in the Black River Valley of New York, and Fig. 249 
is a structure section across it showing the rock terraces and the 
relations of the various rock formations. The conditions for ice 
erosion there were unusually favorable, because the ice, in its great 
sweep around the Adirondacks, was heavily shod with hard rock 
fragments and entered the deep valley by striking with greatest 
force against the soft rocks on the west side. The soft shales were 
worn back more than the harder limestones, while the very hard 
pre-Cambrian rocks were but little affected. If soft shales had 
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made up the valley bottom, ice erosion would have caused consid- 
erable deepemng, as was, no doubt, the case in the valleys of the 
Finger Lakes region of western New York. Even in places so 
favorably situated as those just mentioned there is no reason to 
believe that ice erosion did any more than to modify the profiles 
of the pre-Glacial channels. 

It IS also a singular fact that glacial deposits left by one ice 
sheet may actually have been overridden by a later advance of 
ice with little erosion of even such soft material. This probably 
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Fig 249 

Structure section across the Black River Valley of northern New York to 
illustrate the effect of ice erosion and glacial lake deposition. Note the 
steep front of the shale terrace which has been produced by ice erosion, 
and the conspicuous delta deposit of the extinct glacial lake on the east 
side The surface of the delta deposit represents the former lake level 
(After W J. Miller, N. Y State Mus , Bui. 135.) 

happens only near the margm, where the ice is rather thm and 
hence would not be expected to have much erosive power. 

In conclusion we may say that while many comparatively 
small, local features were produced by ice erosion, the major 
topographic features of the great glaciated area were practically 
unaffected by the abrasive effects of the passing ice sheets. 

Ice Deposits 

The vast amount of debris transported by the great ice sheet 
was carried either on its surface, frozen within it, or pushed along 
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beneath it. It was heterogeneous material ranging from the finest 
clay, through sand and gravel, to boulders of many tons' weight. 
The deposition of these materials took place during both the 
advance and retreat of the ice, but chiefly during its retreat. Most 
of the deposits made during the ice advance were obhterated by 
ice erosion, while those formed at the time of the retreat have been 
left intact except for the small amount of post-Glacial erosion 
and weathermg. The term “drift," apphed to all deposits of glacial 
origin, was given at a time when they were regarded as flood or 
iceberg deposits. Drift covers practically all of the glaciated re- 
gion except where bare rock is actually exposed, and its thickness 
is very variable, ranging from nothing to some hundreds of feet. 

The ice sheet could advance only when the rate of motion was 
greater than the rate of melting of the ice front, and vice versa 
in case of retreat. Thus it is true, though seemingly paradoxical, 
to assert that the ice was constantly flowing southward even while 
the ice front was retreating northward. Whenever, during the 
great general retreat, the ice front remained stationary because 
the forward motion was just counterbalanced by the melting, all 
the ice reaching the margin of the glacier dropped its load to build 
up a terminal moraine. Such a moraine is a more or less distinct 
ridge of low hills and depressions consisting of very heterogeneous 
and generally unstratified debris, though at times waters emerging 
from the ice caused stratification. The depressions are usually 
called kettle-holes. The so-called great terminal moraine marks 
the southernmost limit of the ice sheet, and is wonderfully well 
shown by the ridge of low, irregular hills extending the whole 
length of Long Island. It is also more or less clearly traceable 
across the Umted States, where It marks the southernmost limit of 
glaciation. Termmal morames farther northward are generally 
not so long or sharply defined, though many have been located 
and described. These are either terminal moraines found at the 
southernmost Unfits of ice sheets which did not extend as far 
south as earUer sheets, or recessional moraines formed during 
each considerable pause of a waning or northward retreating ice 
sheet. 

When the ice front paused for a considerable time upon a rather 
flat surface, the debris-laden streams emerging from the ice formed 
what is called an overwash plain by depositing layers of sediment 
over the flat surface. An excellent illustration of such an overwash 
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plain IS all of that part of Long Island lymg just south of the great 
terminal morame, and known as the Jamaica plain toward the west. 

When the ice front extended across a more rugged country, 
with valleys sloping away from the ice, the large glacial streams, 
heavy laden with debns, caused more or less deposition of material 
on the valley bottoms often for many miles beyond the ice front. 
Such deposits, known as valley trains, are especially well developed 
along many of the larger south-flowing streams of the glaciated 
area. 



Fig. 250 

Typical driimliiis (side view) m western New York (After H L Fairchild, 
N. Y State Mns., Bui 111 ) 


Glaaial boulders (erratics) have already been referred to. They 
are simply blocks of rock or boulders from the top of the ice or 
within it which have been left strewn over the country as a result 
of the melting of the ice. They vary in size from small pebbles to 
those of many tons’ weight, and are naturally most commonly 
denved from the harder and more resistant rock formations. 
Thus erratics from the Adirondack Mountains are very numerous 
from central to southern New York. Erratics are often found high 
up on the mountains, where they have sometimes been left stranded 
in remarkably balanced positions. 

A very extensive glacial deposit, called the ground moraine, is 
simply the heterogeneous, typically unstratified debris from the 
bottom of the ice which was deposited, sometimes during the ice 
advance, but most often during its melting and retreat. When it 
is mostly very fine material with pebbles or boulders scattered 
through its mass, it is known as till or boulder clay. The pebbles 
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or boulders of the till are commonly faceted and striated as a result 
of having been rubbed agamst underlying rock formations. 

Another type of glacial deposit of unusual mterest is the 
drumhn, which is in reahty only a special form of ground morame 
matenal. The typical drumlins of western New York, Wisconsm, 
and western Massachusetts are low, rounded mounds of till with 
elliptical bases and steeper slopes on the north sides. Their long 
axes are parallel to what was the direction of ice movement (see 
Fig. 250). In height they rarely exceed 200 feet, bemg most often 



Fig 251 


A group of kames m Now York state (From Norton’s “Elements 
of Geology,” by permission of Ginn and Company, Pubbshers ) 

less than 100 feet. The origin of the drumlms has not yet been 
satisfactorily determined, though it is known that they formed near 
the margm of the ice either by the erosion of an earlier drift layer 
or by accumulation beneath the ice under peculiarly favorable 
conditions, as perhaps along longitudmal crevasses or fissures. 
Two of the finest and most extensive exhibitions of drumlms in 
the world are in New York, between Syracuse and Rochester, 
and in eastern Wisconsin, where thousands of them rise above the 
general level of the plains and give rise to a unique topography. 

Another type of glacial deposit in the low hill form is the kame, 
which, in contrast with the drumlin, always consists of stratified 
drift. Kames are seldom as much as 200 feet high, and typically 
they have nearly circular bases, though frequently they are of 
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very irregular shapes. At times they exist as isolated hills or in 
small groups (Fig. 251), while often they are associated with the 
unstratified deposits of the moraines. When grouped, deep depres- 
sions occur between the hills to form what is called the knob and 
kettle structure. Karnes were formed at or near the margm of the 
retreatmg ice, and so are found in all parts of the glaciated area, 
but more especially where there is considerable relief, as in New 
York and New England. They most generally are located in valley 
bottoms, but sometimes on hillsides or even hilltops. They are 
especially abundant along the hne of the great termmal moraine 
(e.g. Long Island) and along the hnes of the more important 
recessional morames. They were formed as deposits by debris- 
laden streams emerging from the margin of the ice, the water 
sometimes havmg risen hke great fountams because of pressure. 
Such deposits are now actually in process of formation along the 
edge of the great Malaspina glacier of Alaska. 

Durmg the ice retreat gladal lakes were numerous, particularly 
where the north-sloping valleys were dammed by the ice thus 
ponding the waters in the valleys. Some materials were directly 
deposited from the glacier in those lakes, but more was brought 
in by debris-laden streams flowing from the land already freed 
from the ice. Such glacial lakes and their deposits were common 
and of unusual interest, but they will be described under a sub- 
sequent heading. 

In conclusion we may say that the deposition of glacial mate- 
rials, like glacial erosion, has not changed the major topographic 
features of the glaciated region. The general tendency of ice 
deposits has been to fill, or partially fill, depressions and thus to 
diminish the ruggedness of the topography. 

The Loess Deposits 

Loess deposits are widespread over much of the region from 
eastern Nebraska, across Iowa, Illinois, and Indiana. Its distribu- 
tion is rather largely independent of topography. Typically it is 
a soft, buff to yellowish-brown, very fine grained, sandy clay which 
seldom shows signs of stratification. Its thickness usually varies 
from 10 to 100 feet. Where eroded or cut mto, the loess exhibits 
a remarkable tendency to stand in perpendicular cliffs, sometimes 
with suggestions of a sort of columnar structure. For this reason 
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it was once known as the Bluff formation. It is remarkably free 
from coarse materials, except for certain carbonate of lime and 
oxide of iron concretions and fossils, the latter being chiefly shells 
of land Gastropods. Most of the loess was deposited during the 
Iowan Glacial stage, because it rests upon the eroded and weath- 
ered surfaces of older glacial deposits and often passes under the 
later or Wisconsin deposits. 

The question as to whether the loess was of aqueous or eolian 
origin has long been discussed. “In part the loess seems to have 
been washed from glacial waste and spread in sluggish glacial 
waters, and in part to have been distributed by the wind from 
plains of aggradmg glacial streams” (W. H. Norton). 


Gbeat Lakes History 

The Great Lakes certainly did not exist before the Ice age, but 
instead the depressions in that region were occupied by stream 
channels. During the very long erosion period from the Paleozoic 
to the Cenozoic, no lakes of any consequence could have persisted. 
Compared with such an immense length of time lakes are, at most, 
only ephemeral features of the earth’s surface because they are soon 
destroyed either by being filled with sediments, or by having their 
outlets cut down, or both. Smce the Great Lakes are of post- 
Glacial origin it is, then, proper to ask how they came into exist- 
ence. During pre-Glacial time broad valleys were cut out along 
belts of weak rock in the Great Lakes region, and these old valleys, 
to a considerable extent at least, account for the present depres- 
sions, but not for the closed lake basins. This idea of pre-Glacial 
stream valleys is not at all opposed by the fact that some of the 
lake bottoms are now well below sea level, because there has been 
notable subsidence of the region since pre-Glacial time. The 
surface of Lake Erie is 573 feet, and its deepest point 369 feet, 
above sea level, while the surface of Lake Ontario is 247 feet above, 
and its deepest point is 491 feet below, sea level. The greatest 
depth (738 feet) of Lake Ontario is well toward the east end not 
far from the south shore, and if we consider this deep place as due 
to pre-Glacial erosion, we ought to find an outlet channel. But 
no such outlet channel exists because the whole east end, at least, 
of the lake is rock-rimmed. As Tarr has said: “There could 
hardly be a vaUey over 700 feet deep and broad enough to form the 



376 


HISTORICAL GEOLOGY 


continuation of the pre-Glacial Ontario VaUey, which is so com- 
pletely obscured by drift that not the least trace of it has been 
found on the surface,”^ To assume that this deep part of the 
basin was formed by warping of the land is not borne out by exam- 
inmg the exposed strata on all sides. It therefore seems quite 
certain that the pre-Glacial Ontario depression was considerably 



Fig 252 

First stage in the history of the Great Lakes Note the small ice-front lakes 
(Maumee and Chicago). (After XJ. S. Geological Survey.) 

deepened by ice erosion. The conditions were very favorable for 
such erosion because the rocks were chiefly soft Ordovician shales; 
because the ice flowed through a deep pre-Glacial valley; and 
because there was an unusual crowding of the ice into this valley 
due to pronounced deflection of a great ice current around the 
Adirondacks on the west side. Strong arguments might be adduced 
to show that by ice erosion portions, at least, of aU the lake basins 
were appreciably deepened. Even so, however, we have not yet 
accounted for the present closed basins. Probably the two most 

i R. S. Tarr* Physical Geography of New York State^ p. 235. 
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important phenomena which have contributed to the formation of 
the closed basins of the Great Lakes are (1) the great drift accumu- 
lations along the south side and (2) the tilting of the land down- 
ward on the north side of the region. The deep drift deposits 
must certainly have been very effective m damming up the south 
or southwest-flowing pre-Glacial streams of the region. A great 
dumping ground of ice-transported materials from the north was 
in general along the southern side of the Great Lakes and south- 



Lakc Whittlesey stage of the Great Lakes history, when the eastern 
and western ice-margin lakes combined with outlet past Chicago. 
(After Taylor and Leverett, redrawn by W. J M ) 


ward. Late in the Ice age the land on the northern side of the 
Great Lakes region was lower than it is today, as proved by the 
tilted character of certain well-known beaches of extinct lakes 
(see below). Such a differential tilting or warping of the land must 
have helped to form the closed basins by tending to stop the south- 
ward or southwostward drainage from the region. To summarize, 
we may say that the present Great Lakes basins are due to a com- 
bination of factors, the more important of which were : (1) the 
formation of pre-Glacial valleys by stream erosion; (2) a more or 
less deepening of these valleys by ice erosion; (3) the great accumu- 
lation of glacial debns along the southern side of the Lake district; 





378 HISTORICAL GEOLOGY 

and (4) the tilting of the land relatively downward toward the 
north. 

We are now ready to trace out the principal stages in the 
history of the Great Lakes region during the final retreat of the 
great ice sheet. When the ice front had receded far enough north- 
ward to uncover the southern end of Lake Michigan, and an area 
west of the present end of Lake Erie, small lakes were formed 
against the ice waUs (see Fig. 252). The first of these has been 
called Lake Chicago, which drained past Chicago through the 



Glacial Lake Warren At this stage the discharge of the lake was still west- 
ward to Lake Chicago, while the eastern end of the lake covered most of 
the Finger Lakes region of New York. (Modified by W. J. M., after Taylor 
and Leverett.) 

Illinois River and into the Mississippi; and the second, Lake 
Maumee, which dramed southwestward past Fort Wayne through 
the Wabash River and thence into the Ohio and Mississippi. 

At a later stage the conditions shown on map Fig. 253 existed. 
Lake Chicago was then larger, and Lake Maumee had expanded 
into the extensive Lake Whittlesey, which covered nearly all of the 
area of Lake Erie as well as some of the surrounding country. 
Lake Whittlesey was at a lower level than the former Maumee, and 
the outlet past Fort Wayne ceased, but the drainage from Whittle- 
sey was westward by a large river flowing through small Lake 




Fig. 256 

Glacial Lakes Duluth, Chicago and Lundy. Note the drainage of the western lakes into the Mississippi River, and the east- 
ern lakes into the Hudson Valley. fAf ter Taylor and Leverett, courtesy of The Smithsonian Tn^titn+ioT^ ^ 
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Saginaw and into Lake Chicago, which latter still emptied through 
the Illinois River. 

At a still later stage (Fig. 254) Lake Saginaw merged with the 
waters of the Erie Basm to form the large Lake Warren which 
extended along the ice front eastward nearly to central New York. 
As the map clearly shows, the Finger Lakes Basms of New York 
were then occupied by Warren waters, while Niagara Falls were 
not then in existence, because that region was also covered by 
Lake Warren. Lake Warren continued to discharge westward 
until a very late stage followed by the Lake Lundy level (see Fig. 
255) , when the waters had worked their way along the border of 
the Ontario ice lobe into the Mohawk Valley of New York, which 
was then occupied by a large glacial lake (held up by the Ontario 
ice lobe on the west and the Champlam-Hudson lobe on the east) , 
and then into the Hudson VaUey. Thus, for the first time, the 
Great Lakes drainage passed eastward mto the Atlantic Ocean. 
This great volume of water draining eastward was often in 
the form of distinct streams with the ice front for north wall 
and the high land of the Helderberg escarpment for wall on 
the south. Many of these glacial stream channels, often high 
up on the hills of central to western New York, are still plainly 
visible. 

By successive stages, due to complete removal of ice from cen- 
tral New York, and a draining of the glacial lake m the Mohawk 
VaUey, the waters feU below the Warren-Lundy levels and Lake 
Iroquois was formed (see Fig. 256) The old beach line of this lake 
is still plainly visible in New York. Lake Iroquois covered some- 
what more than the present area of Lake Ontario, and the dis- 
tmctly lower water level here than in the Erie Basin allowed the 
modern Niagara River to begm its history by flowing northward 
over the limestone plain near Buffalo. Meantime the waters of 
the upper lake basins had merged to form Lake Algonquin, which 
at first probably discharged past Detroit through the Erie Basin 
and mto Lake Iroquois by way of Niagara River. Later, however, 
when the ice had withdrawn a little farther northward, a lower 
outlet was formed through the Trent River by which Lake Algon- 
qum drained into Lake Iroquois. The old Trent River channel is 
now higher than the Detroit outlet, but some of the proofs for the 
former Trent outlet are as foUows: (1) The presence there of a 
large, distinct nver channel; ( 2 ) the convergence of the beaches 
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toward that channel; and (3) the fact that the land was then con- 
siderably lower on the north or northeast side of Lakes Ontario 
and Erie than on the south side. For example, in following the 
old Iroquois beach we find that it gradually rises to higher levels 
until it is several hundred feet higher at the east than near the 
mouth of Niagara River. This tilting of the beach has been due 
to warping of the land smce the lake existed, and it is evident 
therefore that during the Algonqum-Iroquois stage the Trent 
River channel was lower than that past Detroit. During the 



Fig. 256 

The Algonqum-Iroquois stage of the Great Lakes, with outlet through the 
Mohawk-Hudson Valleys of New York. (After Taylor, courtesy of the 
New York State Museum ) 

Algonquin-Iroquois stage the waters of all the Great Lakes region 
discharged through the Mohawk-Hudson valleys, and the volume 
of water which flowed through the Mohawk Valley must have 
been as great as, if not greater than, that which now goes over 
^Niagara Falls. During this time the St. Lawrence Valley was still 
buried under ice. 

Still later the ice withdrew enough to allow the Algonquin- 




Fig, 257 

The Nipissing Great L>akes and their correlatives. The oblique-lmed area on the east was occupied by tide-water (Cham- 
plain sea,), but the boxmdary Imes axe not yet very defimtely known, (After Taylor and Leverett, courtesy of The Smith- 
sonian Institution.) 
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Iroquois waters to discharge along the northern base of the Adiron- 
dacks and into what appears to have been ice-ponded waters in 
the Champlain Basin, and thence into the Hudson Valley. The 
Mohawk Valley outlet was thus abandoned. 

Fmally the ice withdrew far enough to free the St. Lawrence 
Valley when the waters of the Great Lakes region dropped to a 
still lower level, bringmg about the Nipissmg Great Lakes stage 
(see Fig 257). The Nipissing Lakes found a low outlet through 
the Ottawa River (then free from ice) and into the Champlain 
arm of the sea. Post-Glacial warping of the land brought the Great 
Lakes region into the present condition, but this, and the Cham- 
plain subsidence, being really post-Glacial features, will be de- 
scribed below. 

Other Existing Lakes and Their Origin 

Counting all, from the smallest to the largest, there are within 
the glaciated area of North America tens of thousands of lakes, 
and these constitute one of the most striking differences between 
the geography of the present and that of pre-Glacial time. These 
lakes are widely scattered, though m the United States they are 
most abundant m the regions of greater relief, such as Maine, New 
Hampshire, New York, and Minnesota, because lake basins were 
more readily formed by drift dams across the deeper pre-Glacial 
valleys of those regions 

It is well known that most of the larger lakes, especially those 
of the linear type, occupy portions of pre-Glacial stream channels. 
All the existing lakes are due, either directly or mdirectly, to 
glacial action. Among the ways by which such bodies of water 
may be formed are these: (1) by building dams of glacial drift 
across old nver channels; (2) by ice erosion; and (3) by accumu- 
lation of water in the numerous depressions which were formed by 
irregular deposition of the drift (kettle-holes, etc.). Hundreds of 
small lakes, often not more than mere pools in size, belong to the 
last named type, while very many of the large and small lakes are 
due chiefly to the existence of drift dams. Certain lakes in south- 
eastern Canada and elsewhere appear to occupy rock basms 
scoured out by ice erosion. 

In considering the origin of glacial lakes, the so-called Finger 
Lakes of central-western New York deserve special mention. All 
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are agreed that the lakes of this remarkable group occupy pre- 
Glacial valleys, most of which, at least, contained north-flowing 
streams. These lakes have dams of glacial drift across their lower 
(north) ends, and the dams have been important factors in the 
formation of the lakes, being in some cases perhaps the sole cause. 
But m the cases of the two largest lakes — Seneca and Cayuga — 
there is strong evidence, from the hangmg valley character of the 
tributaries, that the pre-Glacial valleys were notably deepened 
by ice erosion. 

The presence of Lake Champlain is due principally to a com- 
bination of factors, mcludmg late elevation of the land, with greater 
uplift on the north; heavy glacial accumulations toward the north; 
and possibly some deepening as a result of ice erosion. 

In the basin of Lake George there was a pre-Glacial divide 
where the '^Narrows” are now located, and this divide appears 
to have been considerably lowered by ice erosion when part of 
the Champlain ice lobe ploughed its way through the deep, narrow 
vaUey. The waters are now held in by drift dams at each end. 

Well within the glaciated region of the interior of the continent 
the history of Lake Winnipeg is of special interest, but since this 
lake is merely a remnant of a former much larger body of water, it 
wiU be described in connection with extinct glacial lakes. 

Extinct Glacial Lakes 

The beds of thousands of extinct glacial lakes are known to be 
scattered over the glaciated area. Some of these existed only dur- 
mg the time of the ice retreat, while others persisted for a greater 
or lesser length of tune after the Ice age. Lakes Warren, Iroquois, 
etc., already described, were fine examples of the first type. North- 
sloping valleys were particularly favorable for the development of 
glacial lakes during the retreat of the ice, because the ice front 
always acted as^a dam across such valleys, thus causing the 
waters to become ponded. Among the best criteria for the recog- 
nition of these extmct glacial lakes are typical, flat-topped, delta 
deposits formed by inflowing streams and distinct beaches. 

A good example of the many glacial lakes which existed only 
when the waning ice sheet was present, acting as a dam to pond 
the waters, was Lake Warrensburg, situated m the southeastern 
Adirondack region of New York. This lake, which lay m parts 
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of the Hudson and Schroon River valleys, was remarkably long 
(70 miles) and narrow (see map Fig. 258). Delta terraces and 
wide sand flats, mark- 
in g the bed of the 
former lake, are finely 
preserved. These de- 
posits are several 
hundred feet higher 
at the north than at 
the south because of 
post-glacial tiltmg of 
the land of the gen- 
eral region. The map 
shows the approxi- 
mate position of the 
ice-border dam when 
the Lake George and 
Lake Champlain ba- 
sins were still occu- 
pied by the glacier. 

Several remnants of 
the glacial lake still 
remain as shown by 
the dotted areas with- 
in the ruled areas. 

A fine example of 
a very large glacial 
lake in the interior of 
North America, and 
now represented only 
by remnants (e.g. 

Lake Winnipeg), has 
been called Lake Ag- 



Fig. 258 


assiz in honor of the 
discoverer of the fact 
of the Quaternary Ice 
age. This lake, fully 
700 miles long and 


Glacial Lake Warrensburg in the southeastern 
Adirondack Mountains of New York The 
position of the border of the glacier, which 
acted as a dam, is indicated (After W J 
MiUer, Bui. Geol Soo. Amer , Vol. 36, 1925.) 


several hundred miles wide, extended over the whole valley of the 


Red River of the North in North Dakota and Minnesota, and 
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northward over much of Manitoba. It covered a larger area than 
the combined Great Lakes. Its water was held up by the united 
fronts of the Keewatm and Labradorean ice sheets as they 
retreated northward. Its outlet was southward through the Min- 
nesota and Mississippi nvers until the ice melted back (north- 
ward) far enough to open the outlet by way of Nelson River to 
Hudson Bay, when the great body of water was rapidly lowered, 



Sketch map of central New York, showing the relation of the pre-Glacial 
drainage to that of the present Pre-Glacial drainage shown by dotted 
lines only where essentially different from existing streams (By W J M , 
based on work by A P Brigham ) 

leaving only tke present-day remnants, principally Lake Winni- 
peg. The soil of this smooth old lake bed is wonderfully rich. 

Drainage Changes Due to Glaciation 

In addition to its lakes, the glaciated area is also characterized 
by numerous gorges and waterfalls, which are largely due to gla- 
ciation. As a result of the very long time of pre-Glacial erosion, 
it is certain that typical, steep-sided, narrow gorges, as well as 
waterfalls, must have been very uncommon, ‘if present at all. 
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Like lakes, such features are ephemeral, because, under our condi- 
tions of climate, gorges soon (geologically) widen at the top, and 


waterfalls disappear 
by retreat or by 
wearing away the 
hard rock which 
causes them. 

Changes of stream 
courses are also nu- 
merous in many parts 
of the glaciated ter- 
ritory It is the 
present purpose to 
describe only a few 
typical, well-studied 
cases of such stream 
changes 

From the stand- 
point of both geology 
and human history, 
the gorge at Little 
Palls (on the New 
York Central R.R.) 
in central New York 
is the most impor- 
tant in that state. 
Before the Ice age 
there was a divide 
instead of a gorge 
several hundred feet 
above the present 
river level. The Mo- 
hawk River flowed 
eastward, and the 



lig. 260 


Sketch map of the southeastern Adirondack 
region, showing the relation of the pre-Glacial 
drainage to that of the present Pre-Glacial 
courses shown by dotted lines only where es- 


now extinct Rome sentially different from present streams (After 


River flowed west- W. J. Miller, Bui Geol Soc Amer.Vol 22) 


ward from that divide (see Fig. 259). During the Algonqum- 
Iroquois stage of the Great Lakes history, those lakes discharged 
through the Mohawk Valley and across the Little Falls divide. It 
was the passage of this great volume of water over the divide 
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Eig 261 

Sketch map of the Niagara River gorge 
(Modified after Gilbert, from Nor- 
ton’s ^‘Elements of Geology,” by 
permission of Gmn and Company, 
Publishers ) 

sion. At Corinth and Northami 


which caused the cutting of 
most of the gorge as we now 
see it, except for the narrow 
trench in the hard, low-lying 
rock, which is no doubt due to 
post-Glacial erosion. During 
the gorge cutting, aggrada- 
tion (bmlding up by sedi- 
ments) of the valley bottom 
took place westward from 
Little Falls, so that the drain- 
age from Rome, N. Y., was 
able to contmue eastward 
even after the disappearance 
of Lake Iroquois. Thus we 
have here an excellent illus- 
tration of exact reversal of 
drainage due to glaciation, 
and by this means the upper 
waters of the present Mo- 
hawk River were added to 
what was the pre-Glacial 
Mohawk. 

In the southeastern Adi- 
rondack Mountains certain 
important principles of drain- 
age changes due to glaciation 
are illustrated by the upper 
waters of the Hudson River. 
The accompan 5 dng sketch 
map (Fig. 260) gives an idea 
of the changes. Near War- 
rensburg the Hudson River 
was deflected westward from 
its pre-Glacial channel be- 
cause of the presence of a 
lobe of the waning ice sheet 
in the Lake George depres- 
)n, respectively, the Hudson 


and Sacandaga rivers show remarkable eastward deflections 
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instead of following broad, deep pre-Glacial valleys southward 
into the Mohawk Valley. These deflections were caused by 
heavy morainic deposits acting as dams across the valleys 


south of Cormth and Nor- 
thampton. 

The world-famous Niag- 
ara Falls and gorge are wholly 
post-Glacial m origm. After 
plungmg 167 feet at the falls, 
the river rushes for 7 miles 
through the gorge, whose 
depth is between 200 and 300 
feet. When the glacial waters 
in the eastern Great Lakes 
region had dropped to the 
Iroquois level, the Niagara 
limestone terrace in the 
vicinity of Buffalo and with 
steep escarpment or north- 
ern front at Lewiston and 
Queenston, ceased to be cov- 
ered with lake water, and 
the Niagara River came into 
existence by flowing north- 
ward over this hmestone 
plain. The river first plunged 
over the escarpment at Lew- 
iston, thus inauguratmg the 
falls there. Since that time 
the falls have receded the 7 



Fig 262 


miles up stream to their pres- Pre-Glacial drainage of the upper 
ent position. Soft shales Ohio River Basm (After Chamber- 

underlie the layer of harder from Norton’s 

/ j ,, “Elements of Geology,"' by permis- 

Niagara limestone, and the of and Company, Pub- 

recession of the falls has hshers.) 

clearly been caused by the 

breaking off of blocks of limestone due to undermining of the 
soft shales. A glance at the map (Fig. 261) will show that 
the gorge development is really taking place on the Horseshoe 
Falls side, where the volume of water is much greater, and that 
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in a short time, geologically considered, the American Falls will 


be dry. 

The drainage of the upper Ohio River Basin has been well-nigh 
revolutionized as a result of glaciation. By comparing the pre- 
Glacial drainage map (Fig 262) with one showmg present-day 

dramage, the principal changes 
will be readily understood. The 
pre-Glacial upper Ohio flowed 
northward from Beaver, Penn- 
sylvania, mstead of southward, 
as at present, and, between 
Beaver and Sharon, the 
direction of pre-Glacial drain- 
age has been exactly reversed. 
Also, aU of what is now known 
as the drainage area of the 
upper Allegheny River passed 
northward through two pre- 
Glacial streams. The drainage 
changes were caused by ice oc- 
cupancy and deposition of heavy 
drift across the north-western 
portion of Pennsylvania. 

Another well-studied ex- 



263 ample of important drainage 

Pre-Glacial drainage (dotted lines) change is shown by the accom- 
of apart of northwestern Illinois y^oT^-inr^rr 

(Moked after Leyerett ) map (Fig. 263) of part 

of northern Illinois. The pre- 
Glacial Rock River flowed southward into the Illinois River, 
instead of southwestward into the Mississippi as at present. 

Even such large nvers as the Mississippi and Missouri were 


sometimes notably shifted out of their pre-Glacial channels by 
the invasion of the ice sheets. Thus, the Missouri River which 


formerly followed what is now the James River Valley in eastern 
South Dakota, was forced many miles westward to its present 
course across the state. 


The above cited cases are sufficient to illustrate the general 
pnnciples of dramage modifications due to glaciation, the two 
chief factors having been (1) actual presence of the ice or (2) 
heavy drift filling in pre-Glacial valleys. 
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Advantages and Disadvantages of Glaciation 

Advantages. — As a result of late Tertiary stream dissection, 
much of what is now the glaciated area of the United States had 
been converted into a fairly rugged country. Because of the 
heavy accumulations of drift, chiefly in the depressions, this 
ruggedness was greatly diminished and, in fact, many districts 
were actually converted into almost featureless plains. Old 
lake beds (e.g. that of Lake Agassiz) also are usually very smooth. 
Thus, agricultural pursuits, transportation, and travel have been 
made easier. 

Over very extensive areas, such as the upper Mississippi 
Valley, the soils have been made deeper and richer on the average 
because the pre-Glacial soils were not only comparatively thin on 
the numerous hillsides, but also they were sandy or clayey residual 
materials from which much of the rich (soluble) mineral plant 
foods had been washed out. The glacial drift soils are usually 
more uniformly deep and consist of finely ground rocks of many 
kinds still nch m the soluble plant foods. 

Water-power facilities have been vastly increased because of the 
development of thousands of waterfalls, rapids, and lakes. Pre- 
Glacial streams were mostly graded and hence without waterfalls 
or rapids, while pre-Glacial lakes were almost entirely absent. 
Lakes, by acting as reservoirs, help much m causing a more uniform 
flow of streams. In many places such reservoir effect is furthered 
by artificially increasing the heights of the natural dams, as e.g. 
in the Adirondacks. Also many large reservoirs can easily be 
constructed at comparatively little expense by restoring dams of 
extinct lakes. 

Large lakes afford cheap transportation facilities, and often 
have a tempering influence upon the climate. Many lakes fur- 
nish abundant water supphes for towns and cities, as well as 
more or less fiish for food. 

The benefit of lakes, waterfalls, gorges, etc., from the aesthetic 
or scenic standpoint would be difficult to overestimate. 

Drift deposits are often used, e.g. clays, for the manufacture 
of brick, tile, etc., and sand and gravel for vanous construction 
purposes. 

Disadvantages. — In some cases the earth^s surface has been 
increased in ruggedness by the drift accumulations, especially in 
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extensive kame-morame areas, thus hindering agriculture, trans- 
portation, and travel. 

In many places, as in parts of New England, New York, and 
eastern Canada, the cultivation of the soil has been made difficult 
because of the numerous glacial boulders it contams. In these 
same regions many of the old lake or other deposits are too sandy 
or gravelly to be very fertile. 

Large areas now covered by lake waters would make valuable 
farming land. This is particularly true of the Great Lakes. 

All things considered, it seems certain that the advantages due 
to glaciation are notably greater than the disadvantages. 

Duration op the Glacial Epoch 

Accordmg to Chamberhn and Salisbury, the most important 
criteria for estimating the duration of the Glacial epoch include ; 

(1) the amount of erosion of the dnft, (2) the depth of leaching, 
weathering, and decomposition of its materials; (3) the amount of 
vegetable growth in interglacial intervals, (4) the climatic changes 
indicated by interglacial and glacial floras and faunas; (5) the 
tunes needful for the migration of faunas and floras, particularly 
certain plants whose means of nugration are very limited, (6) the 
time required for advances and retreats of the ice; and some 
others.^' A few of these, as the first, are subject to direct measure- 
ment, but most of them are matters of judgment. 

The average of the estimates of five glacial geologists who 
have most studied the data is shown in the folio wmg table: 

From the Late Wisconsin to the present 1 time umt. 

From the Iowan to the present 3 to 5 time umts. 

From the Ulinoian to the present 7 to 9 time umts. 

From the ICansan to the present 15 to 17 time umts. 

From the Sub-Aftonian (Jerseyan) to the present X time umts.^ 

After carefuUy considermg many points, these same authors 
(Chamberlin and Salisbury) offer the following table accompanied 

Climax of the (Late) Wisconsin. 20,000 to 80,000 years ago 

Chmax of the Iowan . , 60,000 to 400,000 years ago. 

Chmax of the lUmoian 140,000 to 720,000 years ago. 

Chmax of the Kansan 300,000 to 1,360,000 years ago. 

Chmax of the Sub-Aftoman (Jerseyan) Y to Z years ago. 

1 Chamberhn and Salisbury. College Geology, pp. 890-S91. 
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by the statement that ^^httle value is to be placed on estimates of 
this kind, except as a means for developing a conception of the 
order of magnitude of the time mvolved.” ^ 

Length of Time Since the Glacial Epoch 

Estimates of the length of time smce the close of the Ice age 
are perhaps more satisfactory, though it must be remembered that 
the close of the Ice age was not the same for all places. The ice 
retreated northward very slowly and when, for example, southern 
New York was free from the ice, northern New York was still 
occupied by the glacier. The best estimates of the length of 
time since the close of the Ice age are based upon the rate of 
recession of Niagara Falls. We have learned that Niagara River 
began its work about the time the glacial waters in the Erie-On- 
tario basins dropped to the Iroquois level, and that the falls were 
first formed by the plunging of the river over the limestone es- 
carpment at Lewiston. Studies based upon actual surveys, draw- 
ings, daguerreotypes, photographs, etc., made between the years 
1842 and 1905, have shown that the Horseshoe Fall had receded 
about 5 feet a year, while the American Fall, between 1827 and 
1905, had receded about 3 inches a year. Thus the gorge cutting 
is clearly taking place on the Canadian side. The length of the 
gorge is 7 miles, and if we consider the rate of recession to have 
been always 5 feet a year, the length of time necessary to cut the 
gorge would be something over 7000 years. But the problem is 
not so simple, since we know that at the time of, or shortly after, 
the beginning of the river, the upper lakes drained out through 
the Trent River, and then still later through the Ottawa River. 
So it is evident that, for a good part of the tune since the ice 
retreated from the Niagara region, the volume of water passing 
over the falls was notably diminished, and hence the length of 
time for the gorge cutting increased. The best estimates for the 
length of time since the ice retreated from the Niagara region 
vary from 10,000 to 40,000 years, an average bemg about 25,000 
years. In a similar way, the time based upon the recession of St. 
Anthony’s Falls, Minnesota, ranges from about 10,000 to 16,000 

^ Obviously, the determination of the number of years equivalent to one 
time unit involves the determination of the time since the disappearance of 
the last ice sheet, and thus is discussed under the next headmg 
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years. While closer estimates are practically impossible, it is at 
least certain that the time smce the Ice age is far less than its 
duration, and that, for the region of the northern United States, 
the final ice retreat occurred only a very short (geological) time 
ago. 

When we consider the shght amount of weathering and erosion 
of the latest glacial drift, we are also forced to conclude that the 
time since the close of the Ice age in the United States is to be 
measured by only some thousands of years. Thus kames, drumlins, 
extinct lake deltas, and morames with their kettle-holes, have 
generally been very little affected by erosion since their formation. 

Time Since the Climax of the Last Ice Sheet 

A way to determine the number of years since the last 
(Wisconsin) ice sheet reached its climax is to find out how long it 
took the glacier to recede from its southernmost limit to Niagara 
Falls, or about 600 miles, and add this figure to the age of the 
falls. 

A fair idea of the rate of recession of the last ice sheet may 
be gamed by counting and correlating the layers of clay which 
were deposited in lakes m front of the retreating edge of the 
glacier. Each layer, consisting of a darker and a lighter band, 
is called a varve. Each varve represents the material laid down 
in one year, the hghter, coarser portion durmg the summer, 
and the darker, finer grained portion (colored with organic matter) 
during the winter. By the use of this method, De Geer found 
that the last ice sheet m Europe retreated a distance of 270 
miles to the northwest of Stockholm in 5000 years, or at the 
rate of 285 feet per year. Antevs,^ using the same method, con- 
cluded that the last glacier receded a distance of 185 miles in 
western New England in 4100 years, or at the rate of about 240 
feet per year. If, therefore, we put the rate of retreat at about 
260 feet per year, it took the Wisconsin ice sheet somewhat more 
than 12,000 years to retreat from its southernmost limit to Niagara 
Falls. Combining this figure with the average estimate of 25,000 
years for the age of Niagara, we get at least a rough approximation 
of the time since the last (or Wisconsin) glacier reached its climax, 
or about 37,000 years ago. 

^ E Antevs. The Recession of the Last Ice Sheet tn Kew England^ 1912, p. 90, 
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Cause of the Glaciation 

The cause of the glaciation has been a very perplexing problem. 
Vanous hypotheses, often of widely different character, have been 
offered by way of explanation, but there is nothing like general 
agreement on the subject We have here a fine illustration of the 
difference between “fact^^ and “hypothesis” which the student of 
natural science must always keep clearly in mind. Thus, the fact 
of the Glacial epoch (including much of its history) is conclusively 
estabhshed, but the cause of the glaciation is a matter concerning 
which we have only hypotheses or speculations. 

In this elementary work we can do no more than suggest several 
of the leading hypotheses. Those further interested in the subject 
are referred to special articles and larger general works, particu- 
larly Chamberlin and Salisbury’s “Geology,” Vol. 3. One point to 
be borne in mind is that no hypothesis is required to account for 
an average yearly temperature of more than 10 or possibly 12 de- 
grees lower than at present over the glaciated area in order to 
have brought on the Ice age. 

A Geologic (Elevation) Hypothesis. — As we have already 
pointed out, the evidence, chiefly from the submerged river chan- 
nels along the Atlantic Coast, clearly indicates greater altitude of 
northeastern North America late m the Tertiary and probably 
also in the early Quaternary. An altitude of from 4000 to 5000 
feet greater than now has been claimed for this region. Since it is 
well known that the temperature becomes lower with increasing 
altitude (one degree for about 300 feet), it has been argued that 
the greater altitude of the glaciated area was in itself sufficient 
cause for the glaciation. “Northern elevation produced ice- 
accumulation; ice-accumulation by weight produced subsidence; 
subsidence produced moderation of temperature and melting of 
ice; and tMs last by lightening of load produced re-elevation” 
(J. Le Conte). It is not necessary to assume that maximum eleva- 
tion and ice-accumulation were coincident, because an effect often 
lags behind its cause. This northern elevation also is believed to 
have sufficiently upraised the northern ocean basins to cut off 
warm currents, like the Gulf Stream, thereby depriving the north- 
ern lands of such warming influences. 

It has been urged against this hypothesis that there is no posi- 
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tive evidence for nearly as much as 4000 to 5000 feet of elevation 
of the glaciated region; that it is not at aU proved that the northern 
elevation occurred at the proper time to produce glaciation; and 
that the only way glacial and interglacial stages could be accounted 
for would be by the unreasonable assumption of repeated eleva- 
tion and subsidence corresponding to each advance and retreat of 
the ice. 

CroU’s Astronomic H 3 rpothesis.^ — According to Croll, as 
excellently interpreted by Le Conte, the glaciation was caused 

by ^Hhe combined 
mfluence of preces- 
sion of the equi- 
noxes and secular 
changes in the 
eccentricity of the 
earth^s orbit. By 
the former — viz., 
precession — win- 
ter, which in the 
northern hemi- 
sphere occurs now 
when the earth is 
nearest the sun 
(perihelion), is 
gradually in 10,- 
500 years brought 
round so as to occur when the earth is farthest off from the sun 
(aphelion) (Fig. 264). The effect of this, it is claimed, would be 
to make longer and colder winters, and shorter but hotter sum- 
mers in the northern hemisphere, such as now occur in the Ant- 
arctic regions. By the latter — viz., increasmg eccentricity 
(which forms a much longer cycle) — these effects, which are 
now small on accoimt of the nearly circular form of the earth's 
orbit, would become very great. At the time of greatest eccentric- 
ity, the earth would be 14,000,000 miles farther off from the sun 
in winter than in summer, the winter would be twenty-two days 
longer and 20° colder, and the summers twenty-two days shorter, 
but much hotter than now. . . . Now, according to Croll, the 

^ For a fuller statement of this hypothesis see Croll's Climate and Time in 
Their Geological Relations, 1890, 



Diagram showing effect of Precession* A, present 
condition; B, condition 10,500 years hence. Ec- 
centricity much exaggerated. (After Le Centers 
“Geology,” permission of D Appleton and Com- 
pany.) 
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coincidence of aphelion winter, with a period of greatest eccen- 
tricity produces a glacial climate ” ^ 

As a result of the astronomic relations, Croll held that the heat 
equator, with the trade winds zone, must have been shifted farther 
away from the glaciated hemisphere with consequent shifting of 
direction of warm ocean currents. Thus, during the Quaternary 
Glacial epoch, the Gulf Stream must have been diverted southward 
by the eastern point of South America. 

According to CrolFs hypothesis (1) there must have been many 
Glacial epochs during the earth’s history; (2) alternations of cold 
and warm stages (seven or eight) must have occurred durmg the 
Glacial epoch, (3) these cold and warm stages alternated between 
northern and southern hemispheres; and (4) the Quaternary 
Glacial epoch m the northern hemisphere began 240,000 years 
ago, lasted 160,000 years, and declmed 80,000 (or possibly 60,000) 
years ago. 

At present we have positive evidence for five or six times of 
glaciation during geologic history and still more may be discovered.^ 
Also it has been proved that there were five, and probably six, 
ice advances and retreats corresponding to colder and warmer 
stages during the Quaternary Glacial epoch. As regards the dura- 
tion of this Ice age and the time since its close, it seems impossible 
to imagine seven or eight advances and retreats of the ice within 
160,000 years unless we postulate rates of advance and retreat 
much greater than studies of existmg glaciers show. Also the best 
geological evidence does not place the close of the Ice age so far 
away as 60,000 to 80,000 years. One of the most serious objections 
to CroU’s hypothesis is the fact that, during the Permian period, 
there was widespread glaciation in comparatively low latitudes 
(20® to 35°) either side of the equator. 

Chamberlin’s Atmospheric Hypothesis.® — Among the atmos- 
pheric hypotheses, the one which Chamberlin has put into its 
best form '4s based chiefly on a postulated variation in the con- 
stituents of the atmosphere, especially in the amount of carbon 

1 J Le Conte: Elements of Geology^ 5th ed , pp. 613-614. 

® It should of course be remembered that the proper temperature con- 
ditions for glaciation may have recurred many times when other factors 
such as requisite precipitation of snow may not have obtained, and hence 
great ice sheets may not actually have formed. 

* For a fuller treatment of this hypothesis see Chamberhn and Salisbury's 
Geology, Vol. 3, pp. 432-446. 
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dioxide and water Both these elements have high capacities for 
absorbing heat, and both are being constantly supplied and con- 
stantly consumed. . , The great elevation of the land at the close 
of the Tertiary seems to afford conditions favorable both for the 
consumption of carbon dioxide in large quantities,^ and for the 
reduction of the water content of the air. Depletion of these heat- 
absorbing elements was equivalent to the thinning of the thermal 
blanket which they constitute. If it was thinned, the temperature 
was reduced, and this would further decrease the amount of water 
vapor held in the air. The effect would thus be cumulative. The 
elevation and extension of the land would also produce its own 
effects on the prevailing winds and in other ways, so that some of 
the features of the Hypsometric (elevation) hypothesis form a 
part of this hypothesis. ... By variations m the consumption of 
carbon dioxide, especially in its absorption and escape from the 
ocean, the hypothesis attempts to explain the periodicity ^ of 
glaciation. Locahzation (of glaciation) is attributed to the two 
great areas of permanent low pressure in proximity to which the 
ice sheets developed ” ^ 

Huntington’s Sun-spot Hypothesis. — It seems to be a well- 
established fact that the temperature of the air near the earth's 
surface is lower at times of unusual sun-spot activity. Huntington 
has suggested that the several real glacial epochs of known geo- 
logical time may have occurred dunng periods of very exceptional 
sun-spot activity, probably in combination with certain other 
factors. Dunng such a cycle of very intense solar activity, not 
only would the earth's winds be stronger and hence conduct more 
heat upward from the earth's surface, but also these stronger 
winds would cause the great eastward moving storm areas (or 
cyclonic storms) to travel farther north than they do at present 
in both North .America and Europe. The lowering of the tempera- 
ture and the increase in atmospheric moisture, resulting from the 
conditions just mentioned, would explam the gathering of the great 
Pleistocene glaciers. 

In conclusion we mayr say that, as is true of so many other 
great natural phenomena, no one hypothesis or explanation is 

^ Much carbon dioxide is used up in the decomposition or caxbonation of 
the rocks 

® That IS, the successive advances and retreats of the ice sheets. 

* Chamberlin and Salisbury: College Geology^ pp. 89S-899, 
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sufficient to account for all the features of glacial epochs. Probably 
several or all, or at least parts of several or all, of the above hypoth- 
eses must be properly combined in order to explain the phenomena 
of glaciation, and hence it is more readily understood why great 
glacial epochs have not been more common throughout the history 
of the earth. 


Post-Glacial (Recent) History of the Glaciated Area 

We have already shown that, about the beginning of the Glacial 
epoch, the north Atlantic Coast region at least was much higher 
than it is today, positive proof for this being afforded by the 
submerged lower Hudson, St. Lawrence, and other channels 
which must have been cut when the land was higher. Toward 
the close of the Glacial epoch, and shortly after, we know that 
the land was relatively lower even than it is today. It was 
during this time of subsidence (sometimes called the Champlain 
epoch) that the lower Hudson and St. Lawrence channels were 
submerged and the seacoast was transferred to more nearly its 
present position. But the land bemg even lower than now, the 
lowlands of Long Island and in the vicinity of New York City 
were imder water and a narrow arm of the sea extended through 
the Hudson and Champlain Valleys to join a broad arm of the 
sea which reached up the St. Lawrence Valley and possibly even 
into the Ontario Basm (see Fig. 257). This so-called Champlain 
Sea existed at the time of the Nipissing stage of the Great Lakes 
already described. Champlain Sea beaches, contaimng marine 
shells and the bones of Walruses and Whales, have been found 
at altitudes of about 400 feet near the southern end of Lake 
Champlain, 500 feet at its northern end, and 600 or more feet 
at the eastern end of Lake Ontario. In the lower Hudson Valley 
the deposits of this age are about 70 feet above sea level, and 
at Albany a little over 300 feet. The altitudes of these so-called 
raised beaches show how much lower the land was during the time 
of greatest submergence, and that the subsidence was most toward 
the north. That this greatest submergence occurred after the 
close of the Ice age in this region, is proved by the fact that the 
now raised beaches and marine deposits rest upon the last or Wis- 
consin ice drift. 

The most recent movement of the earth’s crust in the region 
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under discussion was the very gradual elevation which expelled 
the Champlain Sea and left the land at its present altitude. The 
altitudes of the raised Champlain beaches show that the greatest 
elevation was on the north. The warping of the Iroquois Lake 
beaches already described occurred at this same time. Actual 
surveys during the past century have proved that this upward 
movement in the northern Great Lakes region is still progressing 
at the rate of 5 inches in 100 miles in 100 years. 

Quaternakt Conditions in the Non-Glaciated Regions 

Over many parts of the contment there was deposition of sed- 
iments dunng Quaternary time outside of the glaciated area, but 
little or nothmg can be done by way of correlating these with 
different glacial and interglacial stages because of the lack of the 
usual means of comparison. These deposits were of various sorts, 
including those of river flood-plain, wind, terrestrial, lacustrine, 
volcamc, and marme origin. 

Atlantic and Gulf Coasts. — On the Atlantic and Gulf Coastal 
Plains, and in addition to the Lafayette (Phocene*!^) already de- 
scribed, there is a well-known series of unconsolidated deposits 
of sands, gravels, clays, etc , usually comprised under the name 
Columbia, Like the Lafayette, the Columbia is wholly a surficial 
deposit but at lower altitudes, never rising more than a few hun- 
dred feet above sea level and generally less than 200 feet. On the 
north Atlantic Coastal Plam, at least, the Columbia is rather 
clearly divisible into three formations (Sunderland, Wicomico, 
and Talbot), each of which is represented topographically by a 
more or less distmct terrace with the oldest at the top. 

There has been much difference of opinion regarding the origin 
and significance of these Columbia deposits, but they are now quite 
certainly known to be marine terraces. According to Shattuck,^ 
each of the formations and terraces of the Columbia is explained 
as due to subsidence (or submergence) below sea level and depo- 
sition of sediments, followed by elevation (or emergence) and 
erosion. The fossil evidence regarding non-marine or marine 
ongm of the deposits is far from conclusive. 

Western United States. — Quaternary deposits, representing 
many types of ongin, are known in the west. 

^ G B. Shattuck Pliocene and Pleistocene^ Md GeoL Survey, p. 137. 
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Fig. 265 

A late Quaternary cinder cone on the Mohave Desert near 
Amboy, California (Photo by the author.) 



Fig. 266 


An edge of a late Quaternary lava-flow on the Mohave Desert near 
Amboy, California. This flow is associated with the cone shown 
in Fig. 265 (Photo by the author ) 
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Volcanic deposits of this age in the west are not always clearly 
separable from those of the Tertiary, but it is certam that rather 
vigorous vulcamsm contmued into the Quaternary. Such volcanic 
deposits, includmg lava-flows, cinders, and volcanic ashes, are 



Fig 267 

Map showing the extinct Quaternary lakes of the Great Basin region. 
(After U. S Geological Survey.) 


known in New Mexico, Utah, Idaho, and all the states farther 
west as well as in Alaska. In southern Oregon the collapse of 
the upper portion of Mount Mazama, producing the basin of 
Crater Lake, took place after large glaciers were developed on the 
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sides of the mountain. Mount Shasta shows lava flows of post- 
Glacial or recent age, while small lava fields and cinder cones in 
northern and southern Califorma and in northern Arizona must be 
of late Quaternary age because they are so unaffected by weather- 
ing and erosion (Fig. 265). As already* mentioned in the dis- 
cussion of Tertiary vulcanism, a cinder cone and small lava field 
have certainly been built up withm the last 200 years, while 
Lassen Peak in northern Califorma broke forth in 1914. 



Fig. 268 

Part of the great modified fault-face on the south side of the San Gabriel 
Mountains north of Pasadena, California These mountains were upraised 
mainly m earlier Quaternary time (Photo by Professor J. E. Wolff ) 

At the bases of mountains throughout the arid and semi-arid 
regions of the west, great accumulations of talus and alluvial 
materials took place. Some of the alluvial cones or fans have a 
thickness of fully a thousand feet. Extensive flood-plain deposits 
are found in many places. 

Recent studies have shown that the wind has been, and is, a 
very important agent of erosion and deposition, particularly in 
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the arid western regions. Deep and extensive wind-blown deposits 
are still forming m many of the mtermontane basms. 

Dunng part of the Quaternary, at least, the Great Basin region 
had a moister climate than at present, because lakes were much 
more numerous and larger than now (Fig. 267) One of the largest 
of these was Lake Bonneville, which represented a greatly enlarged 
stage of the Great Salt Lake. Lake Bonneville was of fresh water, 



Pig 269 


Great fault-facets of late Quaternary age on the side of Deep Spring 
Valley, CaMomia (Photo by Robert H Mansfield.) 

covered 19,000 square miles; and had a maximum depth of 1000 
feet. Its remnant, the present heavy brine of the Great Salt Lake, 
covers about 2000 square miles and has a maximum depth of 
only about 60 feet. The outlet of Lake Bonneville was northward 
into Snake River. The former existence of this great body of water 
is positively proved by the perfectly preserved beaches, wave-cut 
terraces, deltas, etc. Another very large body of water, called 
Lake Lahontan, occupied some thousands of square miles of west- 
ern Nevada, but it had no outlet. Smce the lowering of the water 
levels in these basins, crustal disturbances have caused a tilting of 
the old shore lines some hundreds of feet. 

Locally, along the Pacific border. Quaternary fossihferous 
marine deposits occur up to altitudes of 200 or 300 feet or more. 
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‘‘Important and more or less widespread periods of diastrophism 
later than the one terminating the Monterey (middle Miocene) 
period of deposition occurred in the Pleistocene. , . . Mmor 
movements producing local imconformities took place in central 
and southern Cahforma at various times during the Pleistocene in 
addition to the more far-reaching disturbances in the same epoch.^’ ^ 

The islands off the coast of southern Califorma were connected 
with the mainland late m the Tertiary, or early in the Quaternary, 
as shown by the flora, and in one case the remains of a Mammoth. 
A subsidence, causmg the separation of the islands from the main- 
land, was followed by partial re-elevation of some to the extent of 
at least 1000 feet, as proved by the raised sea-beaches on the main- 
land and on some of the islands. Raised beaches near San Fran- 
cisco testify to Quaternary upward movements of 1500 to 1800 
feet. Similar beaches on the northern coast of Oregon lie at 200 
feet or more above the sea. 

As suggested in the discussion of the Tertiary, there was more 
or less of a continuation of late Tertiary diastrophism throughout 
much of the Cordilleran region during Quaternary time, involving 
such as folding m the Coast Range Mountains, tilting of the great 
Sierra fault-block, uphft of the block mountains of southern 
California (Fig. 268), elevation of the Cascade platform, faulting 
in the Great Basin (Fig. 269), differential uplift of the Colorado 
Plateau, and rejuvenation in the Rocky Mountain and Great 
Plains regions. 

The Glacial Epoch in Euhope 

In many important respects the history of the Quaternary 
period m Europe is much like that of North America. The accom- 
panying map (Pig. 270) shows the extent (about 600,000 square 
miles) of the ice sheet at the time of maximum glaciation. As the 
map also shows, the great centre of dispersal was over the Scandi- 
navian penmsula, with apparently a small, secondary centre over 
Scotland. The ice over Scandinavia is estimated to have been 
6000 to 7000 feet deep. The Baltic, North, and Irish Seas were 
completely filled by the great ice sheet which extended well south 
into Germany and Russia. As in North America, five or six 
glacial and interglacial stages have been recogmzed. During the 
Glacial epoch, the glaciers of the Alps were far larger and more 

^ Ralph Arnold: Outlines of Geologic History, by Willis and Salisbury. 
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numerous than today, and they often flowed down to the lowlands 
on aU sides. The Pyrenees and the Caucasus Mountains were 
also vigorously glaciated. 

As in North America, also, northern Europe was notably higher 
than now, apparently late in the Tertiary or early m the Quater- 
nary; then, toward the close of the Glacial epoch, there was sub- 
sidence (of Scandinavia at least) to below the present level; and 

this was followed by 
partial re-elevation 
of at least some hun- 
dreds of feet to the 
present level. Actual 
surveys have proved 
that from central to 
northern Sweden the 
land is still rising. 
The great fiords of 
Norway, with their 
raised beaches, tes- 
tify to the impor- 
tant changes of level 
above mentioned. 

In other conti- 
nents many of the higher mountains bore glaciers, even where 
none at aU exist today. Also, so far as known, the Antarctic 
region was heavily glaciated much as it is today. 

Life op the Quaternary 

The species of plants and invertebrate animals of the whole 
Quaternary period were much the same as those now living; there- 
fore we shall pass them by without special description. Among 
the Vertebrate animals, the species of the lower classes, such as 
Fishes, Amphibians, Reptiles, and Birds, were almost aU the same 
as those now hving, but in the highest class of Vertebrates (Mam- 
mals) there were important changes. 

Mammals, except Man. — One of the most characteristic 
features of Quaternary (especially Pleistocene) Mammals was the 
great size of so many. In fact, as regards size and diversity of 
forms, the Mammals may be said to have attained their culmina- 



Fig 270 

Map showing the extent of ice m Europe at the 
time of maximum glaciation. (After J Geikie, 
from Norton’s Elements of Geology,” by per- 
mission of Ginn and Company, Publishers ) 
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tion dunng the Pleistocene epoch. Companng^the Mammals of 
that epoch with those of today, we find that many species, espe- 
cially of the large animals, have become extinct, and the world 
is now (except for Man) said to be ''zoologically impoverished.^' 
The vicissitudes of the climate, le. alternations of glacial and 
interglacial conditions, appear to have "produced a very severe 
struggle for existence and were fatal to a great many large 



Pig. 271 

A great Ground-sloth, Megatherium amencanum. (After W. B. Scott, by 
pemussion of The MacmiUan Company ) 


Mammals, causing numerous extinctions over the larger part of 
the world" (W. B. Scott). It is our present purpose to refer to 
only a few of the most interesting now extinct Pleistocene Mam- 
mals. 

Among the Edentates (Sloths, Armadillos, etc.), which belong 
to the simplest Placental Mammals, the Megatherium and the 
Glyptodon are of special interest. The former (see Fig. 271), a sort 
of giant ground Sloth, was remarkably massive and attained a 
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length of 15 to 18 feet. Its thigh bones were two or three times 
the thickness of those of the Elephant, and its front feet were about 
a yard long. The tooth structure shows it to have been a plant 
feeder. This powerful creature could easily have toppled over 
small trees m order to strip off the leaves. The Glyptodon (see 
Fig. 272) was a giant Armadillo up to 8 feet long and armed with 



Fig 272 

Great armored Glyptodonts, Doedicunis clavuMvdatus and Glyptodon dounpes. 
(After W. B. Scott, by permission of The Macmillan Company.) 


a very strong turtle-like carapace. These Edentates, including 
many species, were common in South America and in North Amer- 
ica as far north as Pennsylvania and Oregon. 

The Proboscidians were well represented by both the Mastodons 
and the Mammoths. These were smaller than those of the late 
Tertiary or about the size of modem Elephants. ‘ ‘ During Pleisto- 
cene times the Proboscidia covered all of the great land masses 
except Austraha, but were diminishing in numbers, and toward 
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the close of the Pleistocene the period of decadence began, result- 
ing in the extinction of all but the Indian and African Elephants 
of today. The Mastodon roamed only over much of North 
America and part of South America, having become extinct in the 
Old World m the late Tertiary. The Mammoth had a much wider 
range from the Atlantic states to Alaska; across Siberia; through 
central Europe ; and even to the British Isles. Fine examples of 
the almost perfect preservation of entire organisms of now extmct 
forms and furnished by specimens of frozen Mammoths which 
have been m nature’s ^‘cold storage” for thousands of years in the 
gravels or ice of Siberia. In several cases much of the hide, long 
brown hair, and even the flesh are known to have been perfectly 
preserved, the flesh having been eaten by dogs or even the natives 
themselves. Two of the finest specimens were discovered m 1806 
and 1901. 

Fossil bones in a wonderful state of preservation, occurring 
under unique conditions, have been found in great numbers in 
the so-called La Brea tar and asphalt deposits in Los Angeles. The 
tar and asphalt are oxidized petroleum which has been oozing 
upward to the surface along a fracture in the earth’s crust for 
scores of thousands of years. The animals lost their lives by be- 
coming trapped in the tar pits. Among the many kinds of now 
extinct animals represented m fossil condition are great Elephants, 
Saber-toothed Tigers, and certam "kinds of Birds, 

In addition to the above-mentioned animals in North America, 
were gigantic Bisons, with spread of horns up to 10 feet; great 
Moose-like Elks; Rodents, up to 5 feet long, huge Lions, and 
several species of Zebra-hke Horses. 

Distribution of Quaternary Plants and Animals. — The 
alternations of glacial and interglacial climates caused corre- 
sponding migrations of colder and wanner climate animals and 
plants. While a great ice sheet was advancing, Arctic animals 
and plants ranged farther and farther southward even into what 
are now temperate latitudes. Thus the Musk-ox ranged southward 
to Iowa and Kentucky, and the Walrus to Virginia, while in Europe 
the Reindeer, Arctic Fox, etc., ranged southward into France. 
During the retreat of a great ice sheet, the Arctic fauna and flora 
retreated to colder climatic conditions, either by following the ice 
front northward or by going up the mountains as they were freed 
1 R. S. Lull: Amer. Jour. Scu, Vol. 25, March, 1908, p. 11. 



410 


HISTORICAL GEOLOGY 


from the ice. This retreat up the mountains affords a ready 
explanation of the fact that certain Arctic plants and anmials 
(especially Insects) are now found, in the Alps and higher parts 
of the White Mountains of New Hampshire, separated from their 
former habitat by many hundreds of miles of climate now too 
mild for them to cross. 

Until late m the Quaternary, the geographical environment 
favored a very widespread distribution of Mammals over most of 
the land areas. Thus North America and South America were 
connected; North America and Asia were joined across what is 
now the Bering Sea; and Eurasia and Africa were well connected. 
Australia was one of the largest isolated land masses, and herein 
hes the explanation of its most peculiar fauna and flora. For 
example, of the many known species of Mammals all are non- 
Placentals, that is they are Monotremes and Marsupials. Non- 
Placentals inhabited most of the great land areas (including 
Austraha) durmg the Mesozoic era. Since true Placental Mam- 
mals made their appearance in the early Tertiary, it is quite 
certain that Australia was isolated from the Asiatic continent 
before the Tertiary and that under the more local conditions 
and less severe struggle, Placentals were never evolved there 
and they never could get there from other continents, except 
as artificially mtroduced by Man. 

Madagascar also has a mamniahan fauna very peculiar to itself. 
This island was separated from the mainland before Quaternary 
time, and its Mammals, because of less severe struggle for existence, 
have changed more slowly and in their own way as compared with 
those of the African continent. 

The coast islands of southern Califorma show similar rela- 
tion to the mainland, but more especially as regards the plant 
species. 

Antiquity of Man. — Thus far we have said little about the 
interesting and important subject of Man^s first appearance, and 
nothing about his early history. Since Man, who represents the 
very highest type of organism which has ever inhabited the earth, 
belongs to one of the most recent and important groups of animals, 
it is appropriate that a brief discussion of his origm and early 
history be reserved for the very last. Up to the present, at least, 
progressive organic evolution through the many milhons of years 
has reached its climax in Man. 
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Because of additional discoveries and better methods of study, 
our knowledge of prehistoric Man is becoming more satisfactory 
year by year. The ablest students of the subject have agreed upon 
several important points, while regarding others there is still much 
disagreement. There is quite a general agreement (1) that Man 
(physical Man at least) has evolved from lower forms of Primates; 
(2) that there are clearly recogmzable at least two types or species 
of Man, namely, (a) Homo pnmigemus (Paleohthic), a primitive 
type now extinct, and (b) Homo sapiens (Neolithic to modem), ’ 
represented by existing Man; (3) that tme Man certainly existed 
during the Pleistocene; (4) that, on a most conservative basis, true 
Man was on the earth no less than 200,000 years ago; and (5) that 
there is no positive evidence for the existence of tme Man earlier 
than, the Pleistocene or Glacial epoch. 

Differences of opinion commonly surround such as* (1) The 
classification of the early ancestral forms, that is whether they 
should be called Apes, Man-hke Apes, or Ape-like Men) ; ^ and (2) 
the portions of the Quaternary system represented by the deposits 
in which Man^s bones or implements are found, or by the remains 
of animals found associated with Man’s bones or implements. 

Bones and implements of ancient Man and his early ancestral 
forms are found chiefly in high river terraces, loess, caves, and 
glacial deposits. In this connection, it should be stated that, in 
spite of various reported discoveries, there is no well proved evi- 
dence for Man’s existence in North America during the Pleistocene. 
Among the most interesting recent discoveries are the finding of 
what arc claimed to be human implements of Pleistocene age near 
Frederick, Oklahoma, and human remains in Pleistocene deposits 
near Vero, Florida, but the human origin of the Frederick imple- 
ments, and the Pleistocene age of the Vero remains are stiU doubted 
by some competent students of Man’s antiquity. 

The following tabular arrangements are mtroduced in order to 
graphically represent (synoptically) certam of the most significant 
features m connection with the geologic history of Man. The 
first table is by Clark Wissler and the second by the author. It 
should be clearly borne in mind that, in some respects, these are 

1 It is important to note that this very difference of opmion is one of the 
strongest arguments in favor of the orgamc evolution of Man, because prac- 
tically all intermediate types between true Man and certain higher Primate 
forms are known. 
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only tentative arrangements, though they do summarize our most 
recent knowledge based upon the work of able students of the 

subject. 

The introduc- 
tion of the so- 
called “Eohthic” 
period into this 
table seems doubt- 
fully appropriate 
m the light of our 
best knowledge, 
though it is possi- 
ble that certain 
very rude stone 
implements such 
as those found by 
Prestwich in the 
high nver gravels 
in Kent (England) 
belong to such an 
early period. 


1 

Histone (bronze and iron) age. 

Modem 

3 Homo sapiens 

Neohthic (“recent stone”) age 

Post-Glacial 

(e g modern Man) 

(Carefully shaped and pohshed 
stone implements ) 

but pre- 
Histonc. 


Upper Paleolithic ('^ancient stone”) 
2 Homo pnmigmius age (Rough bone and stone im- 

(Primitive Man, e.g plements, cave frescoes, bone car- 
Men of Neanderthal, vings, etc ) 

La Chapelle, Spy, Lower Paleolithic (“ancient stone”) 
Krapma, etc ) age (Rude stone implements of 

so-called “River Man ”) 


(Few, if any, known implements ) 


1 Early ancestral forms 
(Apes, or Man-hke 
Apes, eg. Pithecan- 
thropus erectus and 
Homo heidelbergen- 
sis). 


Late Pleisto- 
cene. 

Middle Pleis- 
tocene. 


Early Pleisto- 
cene 
or 

Phocenc. 



Fig 273 

Table to show the principal geologic stages in the 
history of Man. (After C Wissler, courtesy of the 
American Museum of Natural History ) 
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Early Ancestral Forms. — Among the most ancient known 
remains of Man's early ancestral forms, two are of special interest. 
These are the so- 
called Pithecan- 
thropus erectus and 
Homo heidelber- 
gensis which are of 
greater antiquity 
than any bones of 
undoubted human 
beings. 

Pithecanthropus 
erectus was found m 
Java in 1891 and, 
according to its dis- 
coverer ( Du Bois), 
it was of Pliocene 
age and had an 
erect attitude. 

Others, however, 
who have examined 
the locality and the 
remains claim its 
age to have been not earlier than early Pleistocene, and that there 

is no proof whatever that 
it had an erect attitude. 
The actual remains in- 
clude the upper portion 
of a skull, a lower jaw, 
several teeth, and a left 
thigh bone. A consider- 
able amount of sediment 
rested upon the remains. 

So-called Homo heideU 
bergensisj represented by a 
lower jaw with a number 
of teeth well preserved, 
was discovered (1907) near 
Heidelberg, Germany, in a 
sand-pit seventy feet be- 



Fig 275 

Restoration of the head of Pithecanthropus 
erectus. (After Du Bois, from Norton’s 
Elements of Geol6gy,'’ by permission 
of Ginn and Company, Publishers.) 



Comparison of skull profiles of lowest types of Man 
and highest Apes Papuan, modem native of N ew 
Guinea; Spy 1 and 2, Men of Spy^ Nt, Neander- 
thal Man; Pe, Pithecanthropus erectus, HI, a 
Gibbon; At, a modem Chimpanzee (By Marsh 
after Du Bois, from Le Conte’s “Geology,” 
courtesy of D Appleton and Company ) 
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low the surface. In this case, as well as that of Pithecanthropus , 
the depth of over-lying materials and the close associations of the 
remains of other Mammals, including certain now extinct species 
(e.g. Rhinoceros etruscus)^ pretty clearly point to an age not later 
than about the early Pleistocene 

Summarizing the characteristics of the forms represented by 
these two specimens {Pithecanthropus erectus and Homo hetdeU 
bergensis)j Duckworth says: Evidence exists in each case to the 
effect that far-distant human ancestors are hereby revealed to 
their modern representatives. Of their physical c^racters, dis- 
tmct indications are given of the possession of a small brain in a 
flattened brain-case (see Fig. 276) associated with powerful jaws 



a b c 


Fig 276 

Comparison of skulls, a, modem Chimpanzee, 6, Paleolithic Man; 
c, modern Frenchman (After E. Rivet, from New York State 
Museum Bulletm 173 ) 

and massive continuous brow-ridges; the lower part of the face 
bemg distinguished by the absence of any projection of the chin. 
The teeth indicate with some degree of probability that their diet 
was of a mixed nature, resembling m this respect the condition of 
many modem savage tribes. . . . Whether they habitually as- 
sumed the distinctive erect attitude is a point still in doubt. . . . 
It is probable that in stature they were comparable, if not superior 
to, the average man of today. It seems clear, therefore, that 
these remains represent a type mtermediate between Man and the 
more highly developed Apes. 

Paleolithic Man, — Many examples of the bones and imple- 
ments of Pleistocene Man have been found m Europe, principally 
in caves within and without the glaciated area. It is very difficult, 
if not impossible, in any case to determme the precise glacial or 

^ W. H. L. Duckworth Prehistoric MaUj pp 60-61. 
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interglacial stage to which such specimens belong, but their 
great antiquity is inferred from the circumstances under which 
they were discovered. The evidence relates either to their associa- 
tion with extinct animals such as the Mammoth,^ or again the 
bones may have been found at considerable depths from the sur- 
face, in strata judged to have been undisturbed smce the remains 
were deposited’^ (W. H. L. Duckworth). These Pleistocene Men 
are called Paleohthic because they are known to have fashioned 
many rude stone implements or weapons. Although their struc- 
ture, particularly of the skuU, shows them to have been low type 
savages, nevertheless all agree that they were truly human though 
of different species from modern Man. It is generally customary 
to group the more typical examples of Paleohthic Man together 
under’ the name Homo pnmigemuSj while modern Man is called 
Homo sapiens. The nearest living approaches to the Paleohthic 
type are such as the native Papuan of New Guinea or the Bush- 
man of Australia. The native Tasmaman, who became extinct 
during the nineteenth century, was still more Uke Paleolithic Man. 
That Paleolithic Man hunted the wild beasts of his day is certain 
because of the direct and frequent associations of the bones of 
such animals with his own. 

A few of the best known and more typical examples of Paleo- 
lithic Man will now be described. ‘'In a cave at Neanderthal, 
near Dtisseldorf , was found (1856) a very remarkable human skele- 
ton, which has greatly excited the interest of the scientific men. 
The limb-bones are large, and the protuberances for muscular 
attachments very prominent; the skull very thick, very low in the 
arch, and very prominent in the brows. It has been supposed by 
some to be an intermediate form between Man and the Ape; but, 
according to the best authonty, it is in no respect mtermediate, 
but truly human. It is probably the skeleton of a man exception- 
ally muscular in body and low in intelligence (see Fig. 274). . . . 
Recently there have been found in a cave at Spy, Belgium, two 
nearly complete skeletons, which seem to be of the same type as 
the Neanderthal Man, and with the latter are supposed to belong 
to a distinct and very early race. They are believed to have been 
Men of short stature, broad shoulders, bowed thighs, slightly bent 

1 Also Cave-Bear, Cave-Hyena, woolly Rhinoceros, Rcmdeer, Musk- 
Ox, Hippopotamus, etc., which are either wholly extinct or extinct m 
Europe. 
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knees, and semLerect posture, but nevertheless distinctly human. 
The skeletons were found associated with the remains of all the 
charactenstic Quaternary animals and with implements of the 
rudest kind. ^ 

In the Pengord district of southwestern France there are a 
number of caves in which were found relics of Man which are 
thought to range from early to late Paleolithic time. Among the 
more interesting rehcs are fish-hooks made of bone, and crude 
drawings of certain animals with which Man was there familiar, 
such as the Mammoth, which is now wholly extmct, and the Rein- 
deer and Horse, now (naturally) extinct in that region. 

The Aungnac cave of France was probably a family or tribal 
burial place. Near the entrance were found ashes and cinders 
mixed with split and burnt bones of now extmct animals. Within 
the cave were seventeen human skeletons of various sizes associated 
with ancient art works and bones of extinct animals. 

An important discovery (1908) was in a cave at La Chapelle- 
aux-Saints (CorrSze). The remains are a nearly perfectly preserved 
skull as well as the lower jaw and many bones of the body. In 
most respects the specimen very closely resembles the Neanderthal 
skeleton above described. Among animal remains found associ- 
ated with this skeleton were the Remdeer, Horse, Bison(?), Rhi- 
noceros, Ibex, Wolf, Marmot, Badger, and Boar. This La Chapelle 
specimen seems to be a very fine typical example of the Paleo- 
lithic, or Neanderthal, type of Man. 

Recently (1911-1912) an important discovery was made at 
Piltdown Common in Sussex, England. The remams consist of 
most of a skuU and lower jaw, with portions of the front of each 
missing. After considering all the evidence, Dawson and Wood- 
ward ^ say: ‘Ht appears probable that the skuU and mandible 
cannot safely be described as being of earlier date than the first 
half of the Pleistocene epoch,’' and according to Woodward the 
skull represents the ^'oldest typically human brain-case hitherto 
found.” The lower jaw is rather Ape-hke in character, while the 
skuU, on one hand, has a much smaller brain capacity than the 
typical examples of Paleolithic Man above described, and, on 
the other hand, the front (forehead) of the skuU is distinctly 
steeper (relatively higher) than in typical Paleolithic Man, this 

^ J Le Conte Elements of Geology, 5th ed., p. 635. 

^ Dawson and Woodward. QxKir, Jour Geol Soc , Mar , 1913, p. 123, 
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latter feature being exceptionally modem. Because of this un- 
usual combination of characters, the Piltdown specimen may 
represent a different species and has been named Eantkropus 
dawsom. 

Another interestmg feature concerning Paleolithic Man is the 
fact that many caves which he occupied have their walls decorated 



Fig 277 

A charging wild Boar, one of the best paintings by Paleolithic Man in the 
cave at Altamira, Spam. (After Cartailhac and Breuil, courtesy of the 
American Museum of Natural History.) 

with drawmgs and even pictures in colors — veritable art galleries. 
One of the finest examples is the Altamira cavern in northern 
Spain. “As we gaze at the pictures one of the first things to im- 
press us is the excellence of the drawing, the proportions and 
postures being unusually good. The grand Bison and the charging 
Boar are masterpieces in this respect (Fig. 277). The next ob- 
servation may be that, in spite of this perfection of techmque, 
there is no perspective composition — that is, no attempt to 
combine or group the figures (Kgs. 278, 279). ... In addition to 
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Fig 278 

The “Procession of Mammoths'^; a painting by Paleohthic 
Man m a cave at Font-de-Gaume in west-central France 
Note the lack of perspective composition (After Capitan 
and Breuil, courtesy of the American Museum of Natural 
History ) 

these remarkable sketches in colors, the other walls of Altamira 
have numerous figures in black outline and also engravmgs. . . . 
It is also clear that the work of many different artists is repre- 
sented, covering a 
considerable period 
of time. The walls 
show traces of many 
other paintings that 
were erased to make 
way for new work. ” ^ 
Many other caves 
containing works of 
art have been dis- 
covered in northern 
Spain and in France. 

The appearance 
of true Man '^was 
an event which in 
importance ranks 
at Cogul, Spain This is perhaps the only known with the advent of 
attempt to portray human bemgs. (After Car- nlflopf 

tailhac and Breuil, courtesy of the American the planet, 

Museum of Natural History.) marks a new 

manifestation of cre- 
ative energy upon a higher plane. There now appeared intelli- 
gence, reason, a moral nature, and a capacity for self-directed 

■ 1 Clark Wissler. Am&r, Mus. Jour , Dec , 1912, pp. 290-292. 
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progress such as had never been before on earth” (W. H. Nor- 
ton). 

Neolithic Man. — So far as known the late Paleolithic passed 
gradually into the Neohthic or recent stone age when Man was 
more highly developed and similar in structure, at least, to those 
of today. The stone implements of Neohthic Man were usually 
more perfectly made and often polished. Very late in the Pleisto- 
cene, or early m post-Glacial tune, a remarkable race seems to 
have invaded Europe, driving out Neanderthal Man. These have 
been called the Cr6-Magnon people, the men of which were taller, 
and longer in legs, arms, and head than modern Man. Their 
average weight of bram was fully as great as that of today, though 
it was less than that of the hi^er types of modem Man. Their 
brow ridges were heavy. They were much more skillful than the 
Neanderthal people. They may well be classed as Homo sapiens. 
“The remains of Neohthic Man are found, much as are those of 
the North American Indians, upon or near the surface, in burial 
mounds, in shell heaps (the refuse heaps of their settlements), in 
peat-bogs, caves, recent flood-plain deposits, and in the beds of 
lakes near shore where they sometimes built their dwelhngs upon 
piles. . . . Neolithic Man in Europe had learned to make pottery, 
to spm and weave hnen, to hew timber, and build boats, and to 
grow wheat and barley. The Dog, Horse, Ox, Sheep, Goat*, and 
Hog had been domesticated.”^ This stage of culture gradually 
passed into the historic age. 

“Man is linked to the past through the system of hfe, of which 
he is the last, the completmg creation. But, unlike other species 
of that closing system of the past, he, through his spiritual nature, 
is more intimately connected with the opening future” (J. D. 
Dana). 

Charles R. Darwin, referring to the great doctrine of organic 
evolution in the last sentence of his “Origm of Species,” says: 
“There is grandeur in this view of life with its several powers 
having been originally breathed by the Creator into a few forms 
or one; and that, while this planet has gone circling on according 
to the fixed law of gravity, from so simple a beginning, endless 
forms most beautiful and most wonderful ^ve been, and are being, 
evolved. ” 

1 W. H Norton; Elements of Geology, p 448. 
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Fig. 280 

Map of the United States showing the principal physiographic provinces frequently referred to in the text. 

<By W. J. MiUer.) 
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products, 147; hfe of, 147-158. 
Diatoms, 147, 317, 344, 345. 
Dibranchs, 13, 20, 240, 259, 348. 
Dicotyledons, 11, 13, 284. 
Dictyonema, 107 
Didymograptus, 107 
Dikellocephalus, 88 
DiUer, J S , 337 

Dinosaurs, 231, 241, 242, 243, 262, 
292-299 
Dioon, 254 
Diplodocus, 295 
Diplograptus, 107 
Diplomystus, 349 
Dipnoans, 155, 156, 173, 240, 260. 
Dipterus, 155 
Disconformity, 28 
Dismal Swamp, 182 
Dcedicurus, 408. 

Dogger series, 245. 

Dolomite, 235. 

Double Mountain series, 198. 

Drift, glacial, 371. 

Dnftless area, 367 
Drumhns, 372, 373. 

Du Bois, 413 
Duckworth, W. H , 414 
Dunkard series, 198, 199, 201. 

Eagle Ford formation, 266, 270. 
Eanthropus, 417. 

Earth crust movements, classification 
of, 28, 29 

Earth, age of, 1, physical geography 
of, 1; chronology, 7; origin, 41-45; 
pre-geologic, 41, 42, 45. 

Earth^s history, summary of stages, 45. 
Echmoderms, 13, 15-17, Cambrian, 
86; Ordovician, 108; Silurian, 129- 
132; Devonian, 150, 152; Missis- 
sippian, 170, 171; Pennsylvaman, 
192; Triassic, 239; Jurassic, 256, 
257; Tertiary, 347. 

Echinoids, 13, 17, 18, 109, 131, 132, 
239, 256, 257, 258, 259. 
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Ectunozoans (see also Echinoids), 13, 
17, 18 

Edentates, 407 
Edwards and Haime, 128. 

Ehrenberg, 346. 

Elephant, evolution of, 356-358, 
409 

Elephas, 356, 

Elms, 286. 

Emergence, of land, 31. 

Emerson, B K , 231. 

Enaliosaurs, 242, 262, 290-293. 
Endogenous plants, 12 
England (see also British Isles), 9, 
131, 167, 234, 244, 252, 265, 282, 
286, 341, 350, 412, 416. 

Enghsh, W A , 326 
Eocene series, 308-311. 

Eohippus, 353, 354, 

Eoscorpius, 194 
Eospermatopteris, 148. 

Epeirogeny, 29. 

Epoch, 37 

Equisetae, 148, 169, 189, 191, 210, 
237, 255, 283 
Equus, 361, 355 
Era, 37 

Enan series, 135, 137. 

Erratics, 372 
Eryops, 191, 196 
Esopus formation, 136, 
Eucalyptocnnus, 129 
Euenistaceans, 13, 90, 117, 133, 193, 
194, 240, 259, 

Euproops, 194 

Europe, Cambrian, 79, 80, Ordovi- 
cian, 103, 104, Silunan, 126, 127; 
Devonian, 142, 145, 146; Missis- 
sippian, 166-168; Pennsylvaman, 
185, 187; Penman, 207-210; 

Paleozoic, 214; Tnassic, 223, 234- 
236; Jurassic, 245, 252; Creta- 
ceous, 266, 280-282, Tertiary, 338- 
344, 346, Quaternary, 394, 405, 
406, 409 

Eurypterids, 13, 90, 117, 131, 133, 
151, 173, 193, 211, 240 
Eurypteris, 131. 

Eutaw formation, 266. 


Exogenous plants, 12 
Exogyra, 258, 285, 286. 

Fairchild, H L., 372 
Fant andesite, 245 
Fauna, 36 

Fernando formation, 309, 318. 

Ferns, 11, 12, 148, 169, 190, 210, 237, 
255, 283, 284. 

Figs, 346. 

Fihcales, 11, 12, 190 

Finger Lakes, 369, 370, 378, 383 

Finland, 53, 65. 

Fishes, 13, 21; Silunan, 134; Devo- 
nian, 152, 153, 154-158; Missis- 
sippian, 173; Pennsylvanian, 195; 
Permian, 211, Triassic, 240; 
Jurassic, 260-261; Cretaceous, 288; 
Tertiary, 349, 350 
Flagstones, 147 
Fhes, 13, 260 
Flora, 36. 

Flonda, 311, 314, 323, 344, 411. 
Flonssant formation, 309, 315, 336. 
Footprints, fossil, 6, 231, 232 
Foramimfers, 13, 14, 16, 86, 106, 170, 
191, 210, 256, 282, 284, 286, 338, 
346 

Forbesiocnnus, 171 
FordiUa, 87. 

Foreman formation, 246 
Formation, rock, 23, 32; distribution 
of, 51, 52. 

Fort Union formation, 266, 271 
Fossils, significance, 3, 6; preserve/- 
tion, 4, rocks m which found, 5 
Fraas, E , 237, 292 
France, 53, 66, 79, 129, 145, 168, 208, 
210, 265, 286, 338, 340, 342, 416, 
418. 

Franciscan series, 245. 

Frankfort formation, 92 
Fredericksburg formation, 266, 270. 
Frogs, 13, 22 
Fulgur, 348 
Fungi, 11. 

Ganoids, 155-157, 173, 240, 241, 260, 
288 
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Gas, in Ordovician strata, 105; in 
Silunan, 128, in Devonian, 147, 
in Mississippian, 169; in Pennsyl- 
vanian, 187; Cretaceous, 283. 
Gastropods, 13, 20, 87, 88, 111, 112, 
132, 151, 192, 211, 240, 258, 286, 
347, 348 
Gaudry, A , 359. 

Geikie, A , 23 
Geikie, J , 40, 405 
Genesee tormation, 135, 139. 
Geological divisions, 37 
Geologic and human history com- 
pared, 39. 

Geologic time, classification, 36-38; 

length of, 38. 

Georgia, 347 

Geosynchnes, significance of, 29, 30. 
Geosynchne, Appalachian, 30, 76, 
216; CordiUeran, 30, 76, 215, 
216. 

Germany, Proterozoic, 65; Cam- 
brian, 79; Devonian, 145, Mis- 
sissippian, 167; Permian, 207-203, 
210; Tnassic, 223, 234, Jurassic, 
244, 252; Cretaceous, 280-283; 

. Tertiary, 338-340, 342-344, 349; 

Quaternary, 405, 413, 415 
Gibbes, 350. 

Gilbert, G K., 388 
Glacial boulders (see erratics) 
Glaciation, Proterozoic, 66; Cam- 
brian, 81, Mississippian, 169; 
Permian, 209; Quaternary, 361- 
399; cause of, 395—399. 

Glacial epoch, 361-399; fact of, 361, 
362; ice extent and centers, 362, 
364; movement and depth of ice, 
364^66, successive ice invasions, 
366-367; dnftless areas, 367; ice 
erosion, 368-370, ice deposits, 370- 
374; loess, 374; Great Lakes 
history, 375-383; other existing 
lakes, 383-384; extinct lakes, 384- 
386; drainage changes, 386-390; 
advantages and disadvantages, 391, 
392; duration, 392; time since, 
393, 394; cause of, 395-399; in 
Europe, 405, 406. 


Glacier National Park, 60, 61, 66, 278, 
364 

Glyptocrinus, 108 
Gls^todonts, 408 

Gold deposits, Jurassic, 255, Tertiary, 
344 

Goldfuss, A., 258 
Gomatites, 114, 151, 173, 193 
Grabau, A W., 40, 99. 

Grammysia, 150 

Grand Canyon of Arizona, 51, 61, 62, 
65, 163, 198, 200, 201, 333. 
Granger, W,, 315 
Graphiocrmus, 172 
Graphite, 53 

Graptolites, 13, 15, 85, 86, 106, 107, 
129, 170 

Grasses, 286, 346 
Grasshoppers, 13, 21, 260 
Great Basin, 98, 119, 122, 316, 333, 
402, 405 

Great Lakes, history of, 375-383 
Great Plains, 246, 266, 270, 274, 275, 
283, 323, 405 
Great Salt Lake, 404 
Greenbrier formation, 163. 
Greenland, 53, 346, 362 
Green Mountains, 102, 278, 366 
Green River formation, 309, 314. 
Greensands, 283, 312 
Grenville senes, 48-51. 
Ground-sloths, 407. 

Group, 37. 

Gryphea, 258 

Guelph formation, 118, 121. 
Guettard, J , 128. 

Guth, F B., 95 

Gymnosperms, 11, 12, 149, 169, 188, 
190, 210, 237, 283 

Gypsum quarries, Silurian, 128, Per- 
mian, 210; Triassic, 236. 

Haime and Edwards, 128 
HaU, J , 107, 111, 112, 129, 130, 151, 
153, 171. 

Halysites, 128 

Hamilton, formation, 135, 137; time, 
142 

Hardgrave formation, 245. 
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Haug, E , 40 

Helderbergian, senes, 136, 137; time, 
140 

Helioceras, 287 
Heliolites, 128. 

Hemiaster, 269. 

Hesperomis, 289. 

Hexacoralla, 211, 239, 256. 

Highlands of the Hudson, 328. 

HiU, R T , 270, 285 
Himalaya Mountains, 209, 253, 341, 
342. 

Hinchman formation, 245. 

Hitchcock, E., 242. 

Holland, 338 

Holothuroids, 13, 17, 18, 86, 109. 
Holyoke Range, 232, 233. 
Homalonotus, 153. 

Homo heidelbergensis, 413, 414. 
Homo pnmigenius, 411, 415. 

Homo sapiens, 411, 415. 

Hoots, H W., 202. 

Horse, evolution of, 351, 353-355, 
409 

Horse-shoe Crabs, 13, 133 
Horsetown formation, 266, 271 
Hosselkus hmestone, 223 
Howes, 19 

Hudson River, 327-329, 388 
Hudson VaUey, 327, 329, 365, 380, 
383, 385, 399 

Human and geologic history com- 
pared, 39 

Humboldt Range, 251 
Hungary, 255 
Himter, 132 
Hunter, G W., 11. 

Huntington, E , 398. 

Huronian, 37, 49, 57-59, 66, 67 
Hydrozoans, 85, 86, 106, 107. 
Hypsocormus, 262 

Ice Age (see Glacial epoch). 

Iceland, 336, 339 
Ichthyomis, 289. 

Ichthyosaurs, 291, 292. 

Idaho, 159, 175, 180, 199, 201, 215, 
229, 244, 246, 402 
lUinoian ice sheet, 367, 


Ilhnois, 105, 120, 137, 169, 187, 367, 
374, 390 

India, 53, 65, 81, 105, 209, 253, 282, 
338 

Indiana, 105, 120, 143, 169, 171, 187, 
374 

Inoceramus, 286 
Insectivores, 352. 

Insects, 13, 21, 117, 191, 194, 195, 211, 
240, 260, 348-350 
Inyo Mountains, 73, 223, 228, 229. 
Iowa, 72, 106, 137, 166, 171, 172, 187, 

210, 283, 366, 367, 374 
Iowan ice sheet, 367, 375 
Iowan series, 159 
Ireland, 168, 207, 339 

Iron ore, Archeozoic, 54, Protero- 
zoic, 67, Silurian, 121, 128; Penn- 
sylvaman, 187. 

Isostasy, 29 
Isotelus, 116 
Italy, 338, 339, 342. 

Jackson formation, 309 
Jacksonville formation, 309. 

Japan, 53, 236, 253, 282, 341 
Java, 360, 413 
Jelly-fishes, 13, 85, 86 
Jerseyan ice sheet, 367 
John Day formation, 309, 315. 
Johnson, B L , 322 
Jura Mountams, 244 
Jurassic period, 37, 244-264, ongin 
of name, 264; subdivisions, 245; 
distribution of rocks, 244-245; 
character of rocks, 245-247; thick- 
ness, 247; igneous rocks, 247; 
physical history, 248-252; close of, 
250, 251; foreign, 252; climate, 
253; economic products, 255, life 
of, 255-264 

Kaibab formation 198, 200, 201. 
Kalkberg formation, 136 
Karnes, 373, 374. 

Kansan ice sheet, 367, 

Kansas, 169, 187 498, 199, 201, 210, 

211, 270, 283, 316 
Kamic senes, 223, 
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Kaskaskia senes, 159 
Kayser, E , 4*0, 339-341. 

Keewatm ice sheet, 363, 368. 
Keewatin series, 48, 49, 51. 

Keith, A , 97 

Kentucky, 99, 137, 150, 187. 
Kettle-holes, 371 
Keuper senes, 223, 234 
Kew, W S , 331 
Keweenawan, 37, 57, 58, 67. 

Keyes, C R , 166 

Killarney, granite, 57, 58; Revolu- 
tion, 63, 64 

Kinderhook senes, 159, 162, 165. 
Kings River Canyon, 364 
Klamath Mountains, 251. 

Knight, C. R, 291, 294, 295, 296, 
297, 354, 356 

Knowlton, F H , 239, 255, 284 
Knoxville formation, 266, 271 
Kootenai formation, 262, 270, 274. 
Korea, 81 

Labradorean ice sheet, 363, 367. 
Labynnthodonts, 196, 197 
La Brea tar deposit, 409. 

La Ohapelle, Men of, 416 
Lafayette formation, 309, 313, 322. 
Ijake Agassiz, 385, 386, 391. 

Lake Algonquin, 380, 381. 

I<ake Bonneville, 402, 404 
I^ke Champlain, 384 
Lake Chicago, 376, 378, 379. 

Lake Duluth, 379. 

Lake George, 384. 

Lake Huron region, 48, 49, 57, 64. 
Lake Iroquois, 380, 381. 

Lake Lahontan, 402, 404. 

Lake Lundy, 379 
Lake Maumee, 376, 378 
Lake Bagmaw, 380. 

Lake Superior district, 48-50, 54, 57- 
59, 64, 67. 

Lake Warren, 378, 380. 

Lake Warrensburg, 384, 385. 

Lake Whittlesey, 377, 378. 

Lake Winnipeg, 384, 385. 

Lakota formation, 262, 270, 274, 
Lampnshells, 13. 


Lance formation, 266, 271. 

La Place, P , 42 
Lap worth, C., 91. 

Laramie formation, 266, 271 
Lassen Peak, 336, 337, 403, 

Laurels, 286, 346 

Laurentian, granite, 49, 51; Revo- 
lution, 51. 

Lawson, A , 65. 

Lead ore, 105 

Le Conte, J , 29, 40, 113, 132, 157, 
158, 190, 194, 195, 214, 262, 264, 
284, 287, 288, 296, 346, 349, 395- 
397, 413, 416 
Leith and Van Hise, 47, 

Lemuroids, 360 

LepidodendronS; 188, 189, 191, 210. 
Leptomites, 86. 

Leverett, F , 377, 378, 379, 382, 389, 
390 

Le Verne, 40 
Lias series, 245 
Lignite, 344 

Limestone quarries, 105, 127, 169, 
283 

Limnoscehs, 191 
Lmdgren, W , 245 
Lingula, 110 
Lingulella, 87. 

Linnaeus, C , 128. 

Lithographic limestone, 252, 255. 
Lithostrotion, 170 
Little Falls formation, 69, 81. 
Lizards, 13, 243, 261, 300, 350 
Lobeck, A. K , 327, 333 
Lobsters, 259. 

Lockport formation, 118, 121. 

Loel, W , 332 
Loess, 374, 375 
Long Island, 362. 

Lorraine formation, 92, 98. 
Louisiana, 283. 

Loup Fork formation, 309, 315. 
Lower California, 233 
Lower Carboniferous period (see 
Mississippian) . 

Loxonema, 151. 

Lucas, F. A., 296 
Lull, R. S., 357, 358, 409. 
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Lung-fishes, 155, 156 
Lycopods, 11, 12, 147, 148, 169, 188, 
210, 237. 

LyeU, C., 27, 28, 308 

Maclurea, 111. 

Macrurans, 240, 259, 261 
Madagascar, 410 
Madison limestone, 159, 163, 165. 
Magnolias, 286, 343, 346 
Magothy formation, 266 
Maine, 122, 123, 137, 383 
Malm senes, 245 

Mammals, 10, 13, 22; Tnassic, 243; 
Jurassic, 264; Cretaceous, 289; 
Tertiary, 350-360; Quaternary, 
416-419. 

Mammoth coal bed, 184 
Mammoths, 4, 355-358, 408, 409. 
IVCan, 13, 22, 360; evolution of, 360, 
410-419 

Manasquan formation, 266 
Manganese ore, 105 
Manitoba, 121, 386 
Manhus formation, 118, 122 
Mansfield, G R., 215, 222 
Mansfield, R H., 404 
Mantell, G , 261. 

Manticoceras, 151. 

Map of United States, Physiographic 
provinces, 420 
Maples, 286, 346 
Maps, geological, 32, 33. 

Maps showing rock distnbution, pre- 
Cambrian, 52; Cambrian, 70; 
Ordovician, 93; Silurian, 120; 
Devonian, 138, Mississippian and 
Pennsylvaman, 161; Mississippian, 
162; Pennsylvanian, 176; liiassic 
and Jurassic, 224; Lower Creta- 
ceous, 267; Upper Cretaceous, 268; 
Lower Tertiary, 310, Upper Ter- 
tiary, 312; Cenozoic volcanic 
rocks, 334. 

Maps showing paleogeography of 
North America, Lower Cambrian, 
76; Upper Cambnan, 78, Middle 
Ordovician, 99-100, Silurian, 123, 
124; Early Devoman, 141, Middle 


Devonian, 142; Mississippian, 164; 
Pennsylvaman, 182, 183, Penman, 
203, Tnassic, 230; Jurassic, 248, 
Lower Cretaceous, 273; Upper 
Cretaceous, 274, Eocene, 320, 
Miocene, 321, Pliocene, 325; Gla- 
cial, 363 

Maps showing paleogeography of 
Europe, Cambrian, 80, Ordovician, 
104; Silurian, 126; Devoman, 146; 
Mississippian, 167; Pennsylvaman, 
185, Penman, 208, Tnassic, 235; 
Jurassic, 253; Upper Cretaceous, 
281, Eocene, 339; Miocene, 340; 
‘Pliocene, 341 
Marble, 105 

Marble Falls formation, 175 
Marcellus formation, 135, 137, 143 
Manoptens, 189 
Manposa slate, 245, 247, 251 
Marsh, 0 C , 296, 297, 299, 351, 413. 
Marsupials, 264, 351. 

Martha^s Vineyard, 267 
Martinez formation, 309. 

Maryland, 137, 163, 272, 322 
Massachusetts (see also Connecticut 
Valley), 180, 223, 225, 226, 231- 
233 373 

Mastodons, 365, 357, 358, 408, 409. 
Mastodonsaurus, 241. 

Matawan formation, 266. 

Matherella, 87 
Matthew, W D , 107, 363. 

Mauch Chunk shales, 159, 163, 166. 
McElmo formation, 245, 249. 

Medina formation, 118, 119. 

Meek, F. B , 108, 193, 194, 287. 
Meganos formation, 309. 
Megathenum, 407. 

Merostomes, 133. 

MemU, G. P , 238. 

Mesohippus, 354. 

Mesopithecus, 359. 

Mesozoic, era, 37, 223-300; reptiles, 
290-300; summary ot history, 301- 
307; rocks, 301, 302, physical his- 
tory, 302-306; climate, 306; organic 
history, 304-307; summary of life, 
304r-305. 
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Mexico, 181, 249, 266, 270, 273, 278, 
316, 323, 336 

Mexicoia, 77, 78, 100, 164, 216, 254. 

Michigan, 53, 64, 67, 121, 124, 128, 
137, 143, 162, 168, 169, 187 

Microderoceras, 260. 

Microsaurs, 196. 

Midway formation, 309 

MiUer, W. J., 40, 49, 79, 94, 225, 231, 
279, 319, 370, 385, 387. 

Minnesota, 53, 63, 67, 383, 385. 

Miocene senes, 308, 309 

Mississippian penod, 37, 159-174; 
ongin of name, 159; subdivisions, 
159, rock distribution, 160-161; 
character of rocks, 161-163; thick- 
ness, 163, Igneous rocks, 163; 
physical history, 164-166; foreign, 
166-168; chmate, 168; economic 
products, 187; life of, 187-197. 

Mississippi Valley, Archean, 52; 
Algonlaan, 64; Cambrian, 71, 73, 
Ordovician 95, 98, 100, 103, 105, 
Silunan, 119, 121, 122; Devoman 
137-141, 143, Mississippian, 159, 
160, 163, 165; Pennsylvanian, 176, 
177, 178, 180, Permian, 199, 205, 
209; Tnassic, 225; Tertiary, 329, 
Quaternary, 363, 366, 367, 391 

Missoun, 70, 98, 105, 120, 121, 137, 
169, 368 

Missoun Iliver, 390 

Modelo formation, 309, 316, 318, 331. 

Modin formation, 245 

Moenkopi formation, 223. 

Mohave Desert, 318, 319, 401. 

Mohawkian scries, 92. 

Mohawk Valley, 98, 327, 365, 380, 
381, 386-389. 

Molds, 4. 

Molluscoids, 13, 18, 19; Cambrian, 
87,88; Ordovician, 109-111; Silu- 
rian, 132; Devonian, 150, 151; 
Mississippian, 172; Pennsylvanian, 
192; Permian, 211; Triassic, 239; 
Jurassic, 257-258; Cretaceous, 284; 
Tertiary, 34-7 

Mollusks, 13, 20; Cambrian, 88; 
Ordovician, 111-116; Silurian, 132; 


Devoman, 150, 151; Mississippian 
173, Pennsylvanian, 192; Per- 
mian, 211; Tnassic, 239; Jurassic, 
258, 259; Cretaceous, 285-287; 
Tertiary, 347-348. 

Mongoha, 298. 

Monkeys, 359, 360. 

Monmouth formation, 266 
Monocotyledons, 11, 13, 284 
Monongahela, series, 175, 178, 179; 
time, 181. 

Monotremes, 264, 351. 

Montana, 59-61, 65, 66, 168, 199, 
244, 278, 344 

Montana formation, 266, 270. 
Moraines, 371, 372 
Mormon formation, 245 
Morrison formation, 245-246, 249. 
Mosasaurs, 288, 292, 293, 294 
Mother Lode, 255 
Moulton, P R , 43, 44 
Mount Etna, 342 
Mount Hood, 333, 337, 364. 

Mount Raimer, 333, 337, 364 
Mount Shasta, 337, 364, 403 
Mount Vesuvius, 342. 

Murchison, R , 68, 91, 118, 135, 198. 
Muschelkalk series, 223, 234 
Mynapods, 13, 21, 151, 194. 

Nanjemoy formation, 309. 

Naosaurus, 212. 

Naumann, 240. 

Nautiloids, 113, 114, 132, 151, 173, 
193, 211, 258, 286, 348. 

Nautilus, 13, 20-21, 113, 114, 211, 
348. 

Navajo formation, 245 
Navarro formation, 266, 270. 
Neanderthal Man, 415 
Nebraska, 199, 276, 283, 314r-316, 
324, 374. 

Nebula, 42-45 

Nebular hypothesis, 42, 43, 81. 
Negative elements, 216 
Neocomian formation, 266. 
Neolemus, 89 
Neohthic age, 412. 

Neohthic Man, 419. 
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Neumayr, M , 261, 

Nevada, 64, 71, 100, 124, 139, 140, 
201, 229, 232, 233, 244, 247, 248, 
251, 333, 344 

Newark series, 223, 229-231 
Newberry, J S , 241. 

New Brunswick, 98, 103, 122, 137, 
140, 141, 144, 163, 166, 177, 180, 
187, 199, 201, 202, 204, 205 
New England, 53, 69, 71, 95, 98, 102, 
105, 140, 144, 164, 202, 205, 278- 
280, 366, 367, 374, 392, 394 
Newfoundland, 53, 64, 69, 144, 202, 
205, 364. 

New Jersey, 122, 226, 249, 272, 279, 
283. 

New Mexico, 199, 200, 210, 249, 336, 
364, 402 

^^New Red Sandstone,’^ 225 
New Scotland formation, 136. 
Newsom, J. F , 330. 

New York, Archeozoic, 48, 50, 53, 54; 
Cambrian, 69, 75, 78, 79, 81, 82, 
84, 85, Ordovician, 91, 92, 94-96, 
98, 99, 102, 103, Silunan, 118-122, 
124, 125, 127, 128, 129, 133, 143, 
144; Devonian, 135-137, 139-143, 
147, 149, 152; Triassic, 235, 
Cretaceous, 270-280, Tertiary 328, 
329, Quaternary, 365-374, 380- 
389, 392, 393, 399 

New Zealand, 105, 146, 168, 209, 236, 
253, 282, 283, 346, 

Niagara River, 380; Falls, 389, 393. 
Niagara formation, 118, 121, 122 
Niagaran senes, 118-121; time, 123, 
Nicholson, H. A. 113, 155. 

Nickel, 54 

Nipissing Lakes, 382, 383. 

Noble, L, F , 62. 

Non-conformity, 28. 

Noric senes, 223. 

North Carolma, 206, 225, 236, 239, 
278, 322. 

North Dakota, 271, 385 
Norton, W. H , 2, 40, 72, 197, 260, 
290, 335, 336, 363, 373, 375, 388, 
389, 406, 413. 

Norway, 81, 406. 


Nova Scotia, 64, 121, 122, 137, 140, 
141, 144, 163, 165, 168, 177, 180, 
184, 187, 199, 201, 202, 204, 225, 
364. 

Nugget formation, 245. 

Nummulina, 346. 

Nummuhtes, 338, 347. 

Oaks, 286, 346 
Oakville formation, 309, 314. 
Odontopteryx, 350 
Oemngen, 349 

Ohio, 105, 121, 124, 128, 140, 169, 
187, 199, 201 

Ohio River (Upper), 389, 390 
Oil, in Ordovician strata, 105; Silu- 
nan, 128; Devoman, 147, Mis- 
sissippian, 169; Pennsylvaman, 
187; Cretaceous, 283; Tertiary, 
343 

Oklahoma, 70, 121, 137, 165, 169, 180,' 
187, 199, 210, 270, 411 
'^Old Red Sandstone,” 145. 

Olenellus, 88 

Oligocene senes, 308-311. 

Oneida formation, 118, 119. 
Onondaga, formation, 135, 137, time, 
143. 

Ontario, 54, 121, 124. 

Oolite series, 244, 252. 

Ophileta, 111 
Ophiuroids, 13, 17. 

Orbiculoidea, 110 
Order of Superposition, 7 
Ordoviaan period, 37, 91-112, origin 
of name, 91; subdivisions, 91-92; 
rock distnbution, 92-95; character 
of rocks, 96-98; thickness, 98; 
metamorphism, 98; igneous rocks, 
99; physical history, 99-103; close 
of, 102, 103; foreign, 103-105, 
chmate, 105; economic products, 
105, life of, 105-117. 

Oregon, 244, 248, 315, 317, 318, 323, 
330, 335, 337, 402, 405 
Organisms, changes in, 2, 3; modem 
relations, 10. 

Onskanian series, 136, 137. 

Onskany formation, 136. 
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Ornithopods, 292, 298 
Orogeny, 29. 

Orthoceras, 112-114, 132, 211, 258 
Orthodesma, 111. 

Osage series, 159, 162; time, 164, 
165 

Osborn, H. F., 212, 291, 294, 295, 
354, 359. 

Osmeroides, 288. 

Osteolepis, 155 . 

Ostracoderms, 13, 21, 117, 134, 154 
Ostracods, 117 
Ostrea, 258, 285, 286, 347 
Oswegan, series, 118, 119; time, 122 
Oswego formation, 118, 119 
Ouachita mountains, 165, Revolu- 
tion, 165 

Overwash plain, 371. 

Owen, R , 197, 360 
Oysters, 13, 20, 258, 286, 347. 
Ozarkian, 69. 

Paintings, Paleohthic, 417, 418. 
Paleaster, 149. 

Paleasterina, 108 

Paleogeography, 35, 36 (see also 
maps). 

Paleohthic Age, 412, Man, 414-418, 
paintings, 417-418 
Paleontology, defimtion, 3 
Paleophonus, 132. 

Paleospondylus, 153 
Paleozoic era, 37, 68-222, summary 
of history, 214-222; rocks, 214, 
215; physical history, 215-218; 
climate, 218, 219; summary of hfe, 
220-221; organic history, 219, 222 
Palisades, of the Hudson, 232. 

Palms, 286, 343, 345, 346. 

Pamelia formation, 92. 

Panama, 9. 

Parado3ddes, 88. 

Pareiasaurus, 212 
Pascagoula formation, 309, 314. 
Patagonia, 282 

Patapsco formation, 266, 269, 284. 
Patriofelis, 369 
Patten, W., 154. 

Patuxent formation, 266, 269. 


Peach, B N , 132. 

Peale, A C , 278 

Pecten, 348 

Pelagiella, 87 

Pelecypods, 13, 19-20, 87, 88, 111, 
132, 150, 152, 173, 211, 239, 258, 
285, 286, 347, 348 

Pelmatozoans, 13, 16, 17, 192 

Pemphix, 240 

Pennsylvama, Cambrian, 73; Ordovi- 
cian, 102, 105, Silurian, 121, 122, 
124, Devoman, 137-139, 143-147, 
Mississippian, 159, 161, 163, 169, 
Pennsylvaman, 177-179, 184, 187, 
Permian, 198, 199, 201; Cretaceous, 
278, Tertiary, 326-328. 

Pennsylvaman period, 37, 175-197, 
origin of name, 175, subdivisions, 
175; rock distribution, 175-177; 
character of rocks, 178-180, thick- 
ness, 180; Igneous rocks, 180; 
physical history, 181-185; length 
of time, 184, close of, 184; foreign, 
185, 186, chmate, 186; economic 
products, 187; life of, 187-197. 

Pentacnnus, 258. 

Pentamerus, 132, 151, 172. 

Pentremites, 171. 

Period, 37. 

Perissodactyls, 352-355. 

Permian, period, 37, 198-213; origin 
of name, 198; subdivisions, 198; 
rock distribution, 199; character 
of rocks, 199-201, thickness, 201; 
Igneous rocks, 202, physical history, 
202-207; close of, 204:;-207; for- 
eign, 207-209; climate/ 209; eco- 
nomic products, 209, life of, 210- 
213. 

Persia, 209, 253. 

Peru, 105 

Petrifaction, 5. 

Petrified Forest of Arizona, 227, 238, 
239. 

Pfurtscheller, 16. 

Phaoops, 153 

Phanerogams, 11, 12, 169, 188. 

Phenacodus, 352. 

Phosphate, 147, 344, 
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Physiographic provinces of United 
States, 420 

Pico formation, 309, 331 
Pictet, F J , 287 

Piedmont Plateau, 53, 64, 98, 102, 
105, 202, 205, 206, 278, 279, 322. 
Pinto Moimtains, 251. 

Pirsson and Schuchert, 40. 

Pit Shale, 223. 

Pithecanthropus, 360, 413, 414. 
Pittsburg coal bed, 178, 184. 
Placentals, 351. 

Placenticeras, 287. 

Plaesiomys, 110 

Planetesimal hypothesis, 43-45. 
Planets, 41, 42 

Plants, classification, 11-14; Archeo- 
zoic, 54; Proterozoic, 65, 66; 
Cambrian, 84; Ordovician, 103; 
Silunan, 128, 129; Devonian, 147- 
149, Mississippian, 169, Pennsyl- 
vaman, 188-191; Permian, 210, 
Tnassic, 237-239; Jurassic, 255, 
256; Cretaceous, 283, 284, Ter- 
tiary, 345, 346. 

Platyceras, 151. 

Plectambonites, 110. 

Plectorthis, 110 

Pleistocene epoch (see Glacial epoch) 
Plesdosaurs, 292, 293. 

Pleurocystis, 108 
Pleuromaria, 151, 

Pliocene senes, 308, 309. 

Pocono sandstone, 159, 161, 165 
Poplars, 346 

Ponfers, 13, 15; Cambnan, 85-86, 
Ordovician, 106; Silunan, 129, 
Devonian, 149; Jurassic, 256, Ter- 
tiary, 347 

Portage formation, 135, 139. 

Port Ewan formation, 136. 

Positive elements, 215, 216. 

Potash deposit, 199, 210 
Potomac senes, 266, 269, 284 
Potsdam sandstone, 69, 75, 81. 
Pottsville series, 175, 178, 179, 181. 
Preuss formation 245. 

Pnmates, 352, 360, 411. 
Proboscidians, 352, 356-358, 408, 409. 


Productus, 150, 172 
Proterozoic (see also Algonkian), era, 
55-67; character and origin of 
rocks, 55, 56; subdivisions, 57; 
Lake Supenor distnct, 57-59; Lake 
Huron distnct, 59; Rocky moun- 
tain region, 59^1, Grand Canyon, 
61, 62, Calif o:!:ma, 63, correlation, 
63; close of, 63, 64, distnbution, 
64; foreign, 65, hfe and chmate, 
65-67, economic products, 67. 
Protohippus, 354 
Protorohippus, 354 
Protozoans, 13-15, Cambrian, 85; 
Ordovician, 108; Silurian, 129; 
Mississippian, 170; Pennsylvaman, 
191; Permian, 210; Jurassic, 256, 
Cretaceous, 286, Tertiary, 346 
Pseudodiadema, 258 
Ptenchthys, 154 

Ptendophytes, 11, 129, 148, 169, 188, 
237. 

Ptendosperms, 11, 12, 148, 169, 189- 
192, 210. 

Pterodactyls, 292, 300 
Pterosaurs, 242, 262, 292, 298-300 
Puente formation, 309 
Pulaski formation, 92 
Pycraft, 263 

Pyrenees Mountains, 338, 340, 406. 

Quaternary penod, 37, 361-419, 
ongin of name, 361; Glacial epoch, 
361-399 (see also special heading); 
non-glaciated regions, 400-405, hfe 
of, 406-419; Mammals (except 
Man), 406-410; Man, 410-419. 
Quebec, 64, 137, 140. 

Quicksilver, 255. 

Quirke, T. T., 40 

Radioactivity, geologic time on basis 
of, 38 

Radiolarians, 13, 15, 65, 85 106, 170, 
211, 256 

Rancocas formation, 266. 

Rantan formation, 266. 
Recapitulation, law of, 260. 

Recent epoch, 361. 
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Beds,” 201, 203, 207, 209, 226, 
227, 233, 234, 246, 249 
Red Rock Canyon, 318, 319 
Redwoods (see Sequoias) 

References, general geological, 39, 40 
Reptiles, 13, 22; Pennsylvanian, 191, 
197; Permian, 212, 213, Tnassic, 
242,243, Jurassic, 261, 262; Creta- 
ceous, 288; Mesozoic, 290-300, 
Tertiary, 350 

Republican River formation, 309, 316. 

Rhaetic series, 223. 

Rhamphorhynchus, 292, 299, 300. 

Rhinoceros, 4 

Rhizocarps, 148 

Rhizopods, 13, 14 

Rhode Island, 180. 

Rhodocrinus, 172 
Ries, H , 183. 

Ripley formation, 266. 

Rivet, E , 404, 

Rock scale, 37 
Rockies, Ancestral, 203, 207 
Rocks, symbols for, 34 
Rocky Mountain district, 53, 59-61, 
64, 70, 71, 73, 90, 98, 100, 119, 160, 
163, 165, 180, 245, 246, 266, 275- 
278, 333, 334, 336, 405. 

Rocky Mountain !l^volution, 276- 
278 

Rodents, 352, 359. 

Rondout formation, 118, 122. 
Ruedemann, R., 106, 107, 110, 111, 
131 

Russia, 80, 127, 145, 167, 186, 209, 
234, 281, 405, 

Saber-toothed Tigers, 409. 
Salamanders, 13, 22, 350 
Salina, formation, 118, 121, 128; time, 
124, 128 

Salisbury, R D., 31, 363. 

Salisbury and Chamberlin (see Cham- 
berhn and Salisbury) 

Salisbury and Willis, 40, 326, 405. 
Salt, 128, 165, 169, 199, 210 
Balter, J W., 111. 

Sandstone quarries, 81, 127, 236. 

San Gabriel Mountains, 403. 


San Juan formation, 314, 336 
Sardima, 79. 

Saugus formation, 309, 331 
Sauropods, 292, 294, 295. 

Say, 129. 

Scandinavia, 53, 65, 80, 127, 281, 405, 
406 

Schaffer, F. X , 40, 80, 126, 146, 185, 
208, 235, 253, 281. 

Schoharie formation, 135 
Sehuchert, C , 15, 16, 18, 19, 20, 29, 
35, 40, 76, 78, 99, 100, 123, 124, 
141, 142, 164, 182, 183, 193, 203, 
216, 222, 230, 243, 248, 261, 273, 
274, 278, 290, 320, 325 
Sehuchert and Pirsson, 40. 

Scorpions, 13, 21, 132, 134, 151, 193, 
194. 

Scotland, 53, 65, 167, 339, 405. 

Scott, D H , 13, 192 
Scott, W B , 6, 7, 8, 40, 90, 116, 171, 
212, 237, 262, 293, 306, 357, 407, 
408 

Sea-cucumbers, 13, 18, 86 
Sea-mosses, 13 

Sea, transgressions, 30, retrogres- 
sions, 30. 

Sea-urchins, 13, 17, 18, 132 
Sea-weeds, 106, 128, 147, 237. 
Sections, geological, 27, 32-34 
Sedgwick, A , 68, 91, 135 
Seed-ferns (see Pteridosperms) 
Selachians (see also Sharks), 155, 173, 
240, 260 

Selma formation, 266, 269, 275. 
Senecan series, 135, 139. 

Senoman formation, 266. 

Sequoias, 283, 346. 

Senes, 37. 

Sespe formation, 309, 317. 

Shark River formation, 266. 

Sharks (see also Selachians), 134, 155, 
173, 288, 350. 

Shattuck, G. B , 322, 400. 
Shawangunk, formation, 118, 121, 125 
Range, 121. 

Shimer, H. W , 14, 17, 18, 21, 40, 86 
263, 284, 351. 

Shinarump formation, 223. 
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Shumard, 171 

Sibena, 81, 105, 146, 236, 253, 282, 
409 

Sierra Nevada Mountains, 245, 246, 
250, 251, 255, 276, 325, 331, 337 
Sierra Nevada Revolution, 250, 251. 
Sigillanans, 188, 189, 191, 237. 
Silunan period, 37, 118-134; origin 
of name, 118; subdivisions, 118, 
rock distribution, 119-120, char- 
acter of rocks, 119-122; thickness, 
122; physical history, 122-126; 
close of, 125, 126; foreign, 126-127, 
chmate, 127; economic products, 
127-128; Hfe of, 128-134. 

Sinclair, W J , 315, 357. 

Slate, 81, 82. 

Smith, G. 0 , 335. 

Smith, P , 239. 

Smith, WiUiam, 6, 7, 244. 

Simth, W S , 256 

Smith and VerriU, 18 

Snails, 13, 20 (see Gastropods). 

Snake River, 335, 336 
Snakes, 13, 22, 228, 300, 350. 

Solar system, 41, 42. 

Solenhofen limestone, 252, 255, 263 
South America, 9, 127, 146, 186, 236, 
282, 338, 341, 342, 409. 

South Dakota, 210, 244, 271, 314-316 
Southwick formation, 175 
Spam, 53, 65, 145, 234, 282, 340, 417. 
Sphserexochus, 130. 

Spiders, 13, 21, 151, 193, 194. 

Spiral nebula, 43, 44. 

Spinfers, 132, 150, 151, 172. 

Sponges (see also Porifers), 13, 15, 65, 
85, 106, 129, 149, 152, 256. 

Spy, Men of, 415. 

Squids, 13, 21, 259, 348. 

Stage, 37 

Star-fishes, 13, 17, 131 
Staten Island, 249. 

Staurocephalus, 130. 

Stegocephahans, 173, 196, 197 
Stegosaurs, 292, 295 
Stephenson, L W , 269, 275, 285, 313, 
322, 347. 

Stinson, R. E., 336. 


St Anthony's Falls, 393 
St. Lawrence Valley, 100, 119, 123, 
124, 140, 329, 365, 368, 369, 381, 
399. 

St Louis senes, 159, 163 
St. Marys formation, 309. 

Stockholm, 394. 

Stock, 177 

Stratigraphy, defined, 23 
Strawn formation, 175 
Streb, C , 144. 

Strepsidura, 348. 

Stropheodonta, 150 
Submergence, of land, 30, 31. 
Sudbury senes, 48, 49. 

Sulphur deposit, 283. 

Sun, 41-45 

Sundance formation, 245, 249. 
Sun-spot hypothesis, 398 
Supai formation, 198, 201 
Superposition, order of, 7, 8. 
Susquehanna River, 327. 

Sweannger shale, 223 
Sweden, 65, 131 
Switzerland, 145 
Syria, 340 
System, 37 

Tacoman series, 69. 

Taconic Range, 102 
Tacomc Revolution, 102, 103. 

Tarr, R S., 375. 

Tasmania, 81, 105, 168, 209 
Tasmanian, 415. 

Taylor, F B , 377, 378, 379, 381, 382. 
Taylor formation, 266, 270 
Tejon formation, 309. 

Teleosts, 155, 157, 261, 262, 288, 349, 
350. 

Tennessee, 97, 105, 121, 137, 143, 147. 
Terebratula, 284. 

Tertiary penod, 37, 308-360; ongin 
of name, 308; subdivisions, 308, 
309, rock distribution, 309-312; 
character of rocks, 311-319; thick- 
ness, 319; Igneous rocks, 319; phy- 
sical history, 319-338; igneous ac- 
tivity, 335-338, foreign Eocence, 
338, foreign Ohgocene, 339; for- 



INDEX 


437 


cign Miocene, 340, 341; foreign 
Pkocene, 341, 342; climate, 342, 
343, economic products, 343, 344; 
life of, 344-360. 

Tetrabeledon, 357, 358 

Tetrabranchs, 13, 20, 113, 114. 

Tetracoralla, 107, 211, 239. 

Tetragraptus, 107 

Texas, 64, 70, 121, 175, 180, 181, 187, 
198, 199, 201, 202, 210, 265, 266, 
270, 272, 273, 283, 314, 316, 323. 

ThaUophytes, 11, 169, 188, 237. 

Thanetian formation, 266. 

Theropods, 292, 297, 298. 

Thibet, 338. 

Thnmax, 345. 

Till, 372 

Time scale, geological, 37. 

Todilto formation, 245 

Topanga formation, 309, 331. 

Torridon sandstone, 65. 

Toxaceras, 287 

Tracks of animals (see footprints) 

Traquair, R , 153, 155 

Tremataspis, 154. 

Trent formation, 309. 

Trent River, 380 

Trenton formation, 92, 95, 96, 98, 
101, 105. 

Triarthrus, 116 

Tnassic period, 37, 223-243, origin 
of name, 223; subdivisions, 223; 
rock distribution, 223-225, char- 
acter of rocks, 225-229; thickness, 
229; igneous rocks, 229; physical 
history, 229-234; close of, 234; 
foreign, 234-236; chmate, 236; 
economic products, 236; life of, 
236-243 

Tribes Hill formation, 92. 

Triceratops, 288, 292, 296, 297 

Trilobites, 69, 88--90, 115, 116, 130, 
133, 151, 163, 173, 193, 211, 240. 

Trinity, formation, 266, 270. 

Trinuclous, 116. 

Trochocers, 112-114. 

Trochohtes, 112-114. 

Troost, 129. 

Troostociinus, 129* 


TuUy formation, 135, 139. 

Turkestan, 253. 

Turoman formation, 266. 

Turntella, 348 
Turtles, 243, 261, 300, 350 
Tuscaloosa formation, 266. 
Twenhofel, W H , 40. 

Twin Creek formation, 246, 246, 
249 

Tylosaurus, 294 
Tyrannosaurus, 298, 

TTinta formation, 309, 314. 

Uinta Mountains, 98 
Uintatherium, 351. 

Ulnch, E 0 , 18, 170. 

Ulsterian senes, 135, 137 
Unconformities, sigmficance of, 27; 
Archean-Algohkian, 55; base of 
Cambrian, 73. 

Underground water, 283 
Umformitanamsm, 28 
Umted States, structure section 
across western, 333, physiographic 
provinces of, 420 

Upper Carboniferous period (see 
Pennsylvaman). 

Ural Mountains, 186, 209 
Utah, 122, 140, 159, 199, 201, 228, 
246, 247, 249, 314, 336, 402. 

Utica formation, 92, 98. 

Valley trains, 372. 

Van Hise and Leith, 47. 

Vanuxem, L , 111. 

Vaqueros formation, 309 
flrv© 394 

Vaughan, T W., 258, 259, 285. 
Veatch, A C., 349. 

Venericardia, 348. 

Vermes, 13, 18. 

Vermilion formation, 245. 

Vermont, 71, 82. 

Vemll and Smith, 18 
Vertebrates, 13, 21, 90, 117, 134, J53, 
173, 195, 211-213, 240-243, 260- 
264, 288-300, 350-360, 406-419. 
Vicksburg formation, 309, 314. 

Vinci, Leonardo da, 6. 
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Virginia, 73, 124, 169, 207, 225, 226, 
236, 239, 266, 278, 283, 345. 
Voltzia, 237. 

Waagenoceras, 114, 211. 

Waccamaw formation, 309, 313, 322. 
Walcott, C D , 65, 73, 84, 86, 87, 89, 
90 

Wales, 80, 82. 

Ward, L , 257 

Wasatch formation, 246, 309, 314 
Wasatch Mountains, 98. 

Washington, 317, 318, 323, 330, 335 
Washita, formation, 266, 270, time, 
273. 

Wasps, 260 
Waterhme, 127. 

Waucobian senes, 69. 

Well records, diagram, 72. 

Wellington senes, 198 

Wells hmestone, 175, 180 

West Virginia, 147, 163, 169, 187, 199 

Whales, evolution of, 360 

White, D , 178, 186, 189, 

White Cliff formation, 246, 

White Mountains, 278, 366, 410 
White River formation, 309, 314. 
Whitman, A R , 228 
Wichita Mountains, 98, 165. 

Wichita senes, 198. 

Wilcox formation, 309. 


WilHs, Bailey, 35, 36, 39, 40, 60, 70, 
76, 78, 82, 93, 100, 120, 124, 138, 
142, 161, 162, 164, 176, 183, 203, 
216, 224, 230, 248, 267, 268, 273- 
275, 310, 312, 320, 321, 325, 334. 
Willis and Salisbury, 40, 326, 405 
WiUiston, S. W., 191, 196, 197, 
Willows, 346. 

Wmd River formation, 309, 314 
Wingate formation, 245 
Wisconsin, 53, 64, 67, 105, 120-122, 
125, 130, 367, 373. 

Wisconsin ice sheet, 367, 394. 
Wissler, C , 411, 412, 418. 

Wolff, J E., 403 
Woodbme formation, 266, 270. 
Woodward, 154, 155, 416. 

Worms, 13, 18, 87 
Worthen, A H , 194 
Wyoming, 117, 200, 201, 227, 244, 
246, 249, 270, 283, 299, 314, 316, 
336, 349 

Yellowstone Park, 335 
Yorktown formation, 309 
Yosemite Valley, 247, 260. 

Zaphrentis, 128. 

Zinc ore, 169 

Zion Canyon, 246, 247. 

Zittel, C , 13. 
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